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Executive Summary 

“We [still] haven’t found it.” 
 
 
 
 

  but we have some new ideas… 

  and we’re just starting to probe some interesting new territory… 

~T. Lari, SUSY15 



ATLAS Detector & Data Sample

•  Showing results with 36 fb-1 13 TeV 2015+2016 data (~10× more than SUSY16!)
–  26 SUSY results with full dataset ➞ 7 brand new for SUSY17!
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ATLAS Inner Detector 
integrated luminosity vs. time

Insertable B-layer:
improved tracking 
& flavor-tagging



Overview of ATLAS SUSY
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*3 new results for SUSY17!

SUSY particle mass [GeV]
0 500 1000 1500 2000 2500

C
ro

ss
-s

ec
tio

n 
[p

b]
5−10

4−10

3−10

2−10

1−10

1

10

210

310

410

 = 13 TeVsNLO + NLL, pp, 
 (higgsino-like)0

2
χ∼±

1
χ∼

 (wino-like)0
2
χ∼±

1
χ∼

g~g~

 (single generation)

±

Ll
~±
Ll

~

 (10x degeneracy)q~q~

1t
~
1t

~

10 events in 36 fb-1

gluinos:
2.3 TeV

squarks:
1.9 TeV

stops:
1.5 TeV

ewkinos:
1.3 TeV

sleptons:
0.5 TeV

maximum mass reach in 36 fb-1 13 TeV data

•  Program of searches for R-parity 
conserving SUSY with large ET

mIss

•  Probe R-parity violating SUSY with high 
jet / lepton multiplicities or resonances

•  Search for long-lived particles using 
specialized techniques (e.g. disappearing 
tracks and displaced vertices)

•  Emphasis on natural SUSY:            
gluinos, stops, sbottomL, higgsinos*

SUSY particle cross sections

SUSY particle mass [GeV]



Reconstruction & Background Estimation

•  Background estimation methods
–  MC normalized in data control regions:                               

for irreducible backgrounds, e.g. ttbar, VV
–  Data-driven estimates:                                                     

for detector / instrumental effects, e.g. instrumental 
ET

miss, fake / non-prompt leptons
–  Raw MC:                                                                                  

for rare backgrounds, e.g. ttZ, VVV

•  Some recent updates & improvements
–  Exploit IBL for long-lived particles
–  Recursive Jigsaw Reconstruction (RJR) [1]
–  Reduced lepton thresholds: pT(e/μ) > 4.5 / 4 GeV
–  Multi-bin shape fits
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Search	Strategy	

SUSY2016.					Davide	Costanzo	 Searches	for	Supersymmetry	with	ATLAS	 5	

Common	search	strategy:	(HistFiber)	
²  Based	on	control	regions		
²  Data	driven	approach	for	difficult	

backgrounds	(eg	mulCjet/Z+jets)	
²  Simultaneous	fits	to	calculate	

final	background	esCmates	
²  Signal	regions	are	unblinded	aher	

agreement	in	validaCon	regions	

Example:	Jets+ETmiss	search:	

Unblinding	

Top	Control	
region	

see parallel talk:
Kouta Onagi: reconstruction techniques
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RJR for hidden stops*

[1] Rogan, Jackson, Santoni, PRD 95, 035031 (2017) 

respect to the p

miss
T direction. The latter quantity provides additional discrimination against background

where the two b-tagged jets come from a gluon splitting. Table 1 summarizes the selection criteria that
are used in these two signal regions.

Table 1: Selection criteria for SRA and SRB, in addition to the common preselection requirements described in the
text. The signal regions are separated into topological categories based on reconstructed top-candidate masses.

Signal Region TT TW T0

m0
jet,R=1.2 > 120 GeV

m1
jet,R=1.2 > 120 GeV [60, 120] GeV < 60 GeV

mb,min
T > 200 GeV

Nb�jet � 2

⌧-veto yes�����
⇣
jet0,1,2, pmiss

T

⌘ ��� > 0.4

A

m0
jet,R=0.8 > 60 GeV

�R (b, b) > 1 -

m�2

T2 > 400 GeV > 400 GeV > 500 GeV

Emiss
T > 400 GeV > 500 GeV > 550 GeV

B

mb,max
T > 200 GeV

�R (b, b) > 1.2

Signal Regions C

SRC is optimized for direct top-squark pair production where �m(t̃, �̃0
1) ⇡ mt , a regime in which the

signal topology is very similar to SM tt̄ production. In the presence of high-momentum ISR, which
can be reconstructed as multiple jets and form an ISR system, the di-top-squark system is boosted in the
transverse plane. The ratio of the Emiss

T to the pT of the ISR system in the centre-of-mass (CM) frame
(pISR

T ), defined as RISR, is proportional to the ratio of the �̃0
1 and t̃ masses [66, 67]:

RISR ⌘
Emiss

T
pISR

T
⇠

m �̃0
1

mt̃
. (2)

A recursive jigsaw reconstruction technique, as described in Ref. [68], is used to divide each event into an
ISR hemisphere and a sparticle hemisphere, where the latter consists of the pair of candidate top squarks,
each of which decays via a top quark and a �̃0

1. Objects are grouped together based on their proximity
in the lab frame’s transverse plane by minimizing the reconstructed transverse masses of the ISR system
and sparticle system simultaneously over all choices of object assignment. Kinematic variables are then
defined based on this assignment of objects to either the ISR system or the sparticle system. This method

9

*mstop = mtop + mLSP
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Outline

•  Long-lived particles
•  R-parity conserving SUSY

– Electroweak production
– 3rd generation squarks

–  Inclusive squarks / gluinos

•  R-parity violating SUSY
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Searches for Long-lived Particles
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Search Final State Sensitivity References
Direct search for 
charged LLPs

disappearing track + ET
miss + 

1 / 4 jets (ISR / gluino decays)
exclude m( 𝜒1

± ) < 460 GeV for 
𝛥m( 𝜒1

± , 𝜒1
0) =160 MeV

1712.02118

Search for LLP 
decay products

displaced vertex                        
(≥5 tracks) + ET

miss
probe 1.8 - 2.4 TeV gluinos with
τ ~ O(10-2) - O(10) ns

1710.04901

g~

disappearing track                                                     

see parallel talks:
Larry Lee: RPV / long-lived squarks/gluinos
Joey Reichert: disappearing track
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Disappearing Track Search
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•  Search for long-lived charged particles 
leading to disappearing track + MET 

•  e.g. for pure wino-like             
–                   ~ 160 MeV ➞ cτ ~ 6 cm (0.2 ns)

•  Pixel-only tracklets with IBL reduce minimum 
track length to 12 cm (from 30 cm in Run-I)

•  Exclude pure winos up to 460 GeV
–  Also sensitive to higgsinos…
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long-lived charginos long-lived gluinos

IBL!

prompt                                          stable prompt                                            stable

gluinos up to 1.5 TeV excluded over full range*

*assuming mLSP = 100 GeV 

significant improvement at low cτ from IBL
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RPC Electroweak Production

•  8 results ➝ 4 new for SUSY17, including first 3 ATLAS higgsino searches!
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Search Final State Limits References

ewkino 2ℓ / 3ℓ 2/3 leptons + MET max. reach mN2/C1 ~ 1150 GeV (light sleptons), 
mN2/C1 ~ 580 GeV (no light sleptons)

ATLAS-CONF-2017-039

ewkino 2𝜏had 2τhad + MET mN2/C1 ~ 580 GeV (light staus) 1708.07875

ewkino 4ℓ [13 fb-1] [13 fb-1] 4ℓ (≤2𝜏had) + (MET or meff) probe up to 1.1 TeV RPV winos ATLAS-CONF-2016-075

compressed higgsino LSPs soft e+e- / 𝜇+𝜇- + jet(s) + MET 𝜇 > 100 (130) GeV for 𝛥m( 𝜒2 , 𝜒1 ) = 3 (5) GeV SUSY-2016-25

compressed slepton NLSPs soft ℓ+ℓ- + jet(s) + MET mℓ > 70 (180) GeV for 𝛥m( ℓ , 𝜒1 ) = 1 (5) GeV 

GMSB higgsino NLSPs 4b + MET exclude 𝜇 between 130-230 GeV and 290-880  between 130-230 GeV and 290-880 
GeV for BF( h➞ h G) = 1

ATLAS-CONF-2017-081

ultra-compressed higgsinos disappearing track + jet + MET exclude charged higgsinos up to 152 GeV ATL-PHYS-PUB-2017-019
(reinterpretation of               
1712.02118)

GMSB with photons γ / γγ + MET probe up to 1.2 TeV charginos/neutralinos ATLAS-CONF-2017-080

NEW

NEW

NEW

NEW

see talks:
Joey Reichert: higgsinos 
Christian Sander: gauginos/sleptons
Alex Mann: GMSB
Henning Flaecher: DM at LHC

0~

0

~

~

~ ~

0

~
~

•  Key for naturalness
•  Extremely challenging at hadron colliders



Higgsino Searches
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component; in this scenario the masses of the four lightest such particles would be nearly degenerate [20–58

22]. Production of these models is dominated by the �̃0
1 �̃

0
2, �̃0

1 �̃
±
1 , �̃0

2 �̃
±
1 , and �̃+1 �̃

�
1 processes; in59

these scenarios, the heavier chargino and neutralinos can cascade decay to the lightest neutralino ( �̃0
1) via60

o�-shell W and Z bosons, which are assumed to decay to immeasurably low momentum particles.61

In SUSY models with low SUSY breaking scales, such as general guage mediation (GGM) [23–25] or62

gauge-mediated symmetry breaking (GMSB) [26, 27], a gravitino (G̃) is generically the LSP, making the63

�̃0
1 the next-to-lightest-supersymmetric (NLSP) particle. While a variety of decay scenarios are possible64

between the various higgsino states and the LSP, the models under study in this analysis assume that the65

heavier higgsinos decay first to the �̃0
1 and then promptly to the LSP. Depending on the specific parameters66

of the theory, the �̃0
1 can decay to the G̃ via a photon, Z boson, or higgs boson [28]. If m�̃0

1
is greater67

than the higgs mass, the �̃0
1 is dominated by the higgsino component, and tan � is small, the dominant68

decay will typically be via higgs bosons, which can in turn decay to pairs of b-quarks which this search69

targets.70

These scenarios are implemented as simplified models [29–31] as shown in Figure 1. The primary free71

parameter of the model is the mass of the degenerate higgsino states, mH̃ ; the mass of the LSP is set to a72

negligibly small value. Additionally, to study the e�ects of model parameters which a�ect the decay mode73

of the NLSP, the branching ratio of the �̃0
1 decays are varied between 100% hG̃ and 100% ZG̃ decays.74

The cross-section is set to the sum of the four mass-degenerate higgsino pair processes.75

H̃

H̃

h/Z

h/Zp

p

G̃

b

b

G̃

b

b

Figure 1: Diagram for the simplified model considered in the analysis. The primary interpretation of the analysis is
the decay via higgs bosons, but decays via varied branching ratios to Z bosons are also studied. The production of the
H̃ occurs via mass-degenerate chargino/neutralino pairs, which decay to the �̃0

1 via immeasurably low momentum
particles.

3 ATLAS detector76

The ATLAS detector is a multipurpose particle physics detector with a forward-backward symmetric77

cylindrical geometry and nearly 4⇡ coverage in solid angle.3 The inner tracking detector (ID) consists78

3 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector.
The positive x-axis is defined by the direction from the interaction point to the centre of the LHC ring, with the positive y-axis
pointing upwards, while the beam direction defines the z-axis. Cylindrical coordinates (r, �) are used in the transverse plane, �
being the azimuthal angle around the z-axis. The pseudorapidity ⌘ is defined in terms of the polar angle ✓ by ⌘ = � ln tan(✓/2).
Rapidity is defined as y = 0.5 ln[(E + pz )/(E � pz )] where E denotes the energy and pz is the component of the momentum
along the beam direction.

24th November 2017 – 22:47 5

Scenario 1
GMSB higgsino NLSP

hh / hZ / ZZ +MET

NEW hh➝4b
ATLAS-CONF-2017-081



Higgsino Searches
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Figure 1: Diagrams representing the two-lepton final state of (a) electroweakino H�0
2 H�±1 and (b) slepton pair H̀H̀

production in association with a jet radiated from the initial state. The Higgsino simplified model also considersH�0
2 H�0

1 and H�+1 H��1 production.
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Figure 2: Dilepton invariant mass (m``) for Higgsino (HH) and wino–bino (HW/HB) simplified models. The endpoint of
the m`` distribution is determined by the di�erence between the masses of the H�0

2 and H�0
1. The results from simulation

(solid) are compared with an analytic calculation of the expected lineshape (dashed) presented in Ref. [48], where
the product of the signed mass eigenvalues (m(H�0

2) ⇥ m(H�0
1)) is negative for Higgsino and positive for wino–bino

scenarios.

hadronic initial-state radiation (ISR). Electroweakino signal regions are constructed using the dilepton67

invariant mass m`` as a final discriminant, in which the signals have a kinematic endpoint given by the68

mass splitting of the H�0
2 and H�0

1, as illustrated in Figure 2. Slepton signal regions exploit a similar feature69

in the stransverse mass mT2 [39, 40]. This work complements the sensitivity of existing ATLAS searches70

at
p

s = 8 TeV [41–44], which set limits on the production of winos that decay via W or Z bosons for mass71

splittings of �m(H�±1 , H�0
1) & 35 GeV, and �m(H̀, H�0

1) & 55 GeV for slepton production. Similar searches72

have been reported by the CMS Collaboration at
p

s = 8 TeV [45, 46] and at
p

s = 13 TeV [47].73
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component; in this scenario the masses of the four lightest such particles would be nearly degenerate [20–58

22]. Production of these models is dominated by the �̃0
1 �̃

0
2, �̃0

1 �̃
±
1 , �̃0

2 �̃
±
1 , and �̃+1 �̃

�
1 processes; in59

these scenarios, the heavier chargino and neutralinos can cascade decay to the lightest neutralino ( �̃0
1) via60

o�-shell W and Z bosons, which are assumed to decay to immeasurably low momentum particles.61

In SUSY models with low SUSY breaking scales, such as general guage mediation (GGM) [23–25] or62

gauge-mediated symmetry breaking (GMSB) [26, 27], a gravitino (G̃) is generically the LSP, making the63

�̃0
1 the next-to-lightest-supersymmetric (NLSP) particle. While a variety of decay scenarios are possible64

between the various higgsino states and the LSP, the models under study in this analysis assume that the65

heavier higgsinos decay first to the �̃0
1 and then promptly to the LSP. Depending on the specific parameters66

of the theory, the �̃0
1 can decay to the G̃ via a photon, Z boson, or higgs boson [28]. If m�̃0

1
is greater67

than the higgs mass, the �̃0
1 is dominated by the higgsino component, and tan � is small, the dominant68

decay will typically be via higgs bosons, which can in turn decay to pairs of b-quarks which this search69

targets.70

These scenarios are implemented as simplified models [29–31] as shown in Figure 1. The primary free71

parameter of the model is the mass of the degenerate higgsino states, mH̃ ; the mass of the LSP is set to a72

negligibly small value. Additionally, to study the e�ects of model parameters which a�ect the decay mode73

of the NLSP, the branching ratio of the �̃0
1 decays are varied between 100% hG̃ and 100% ZG̃ decays.74

The cross-section is set to the sum of the four mass-degenerate higgsino pair processes.75

H̃

H̃

h/Z

h/Zp

p

G̃

b

b

G̃
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b

Figure 1: Diagram for the simplified model considered in the analysis. The primary interpretation of the analysis is
the decay via higgs bosons, but decays via varied branching ratios to Z bosons are also studied. The production of the
H̃ occurs via mass-degenerate chargino/neutralino pairs, which decay to the �̃0

1 via immeasurably low momentum
particles.

3 ATLAS detector76

The ATLAS detector is a multipurpose particle physics detector with a forward-backward symmetric77

cylindrical geometry and nearly 4⇡ coverage in solid angle.3 The inner tracking detector (ID) consists78

3 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector.
The positive x-axis is defined by the direction from the interaction point to the centre of the LHC ring, with the positive y-axis
pointing upwards, while the beam direction defines the z-axis. Cylindrical coordinates (r, �) are used in the transverse plane, �
being the azimuthal angle around the z-axis. The pseudorapidity ⌘ is defined in terms of the polar angle ✓ by ⌘ = � ln tan(✓/2).
Rapidity is defined as y = 0.5 ln[(E + pz )/(E � pz )] where E denotes the energy and pz is the component of the momentum
along the beam direction.
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*Fukuda, Nagata, Otono, Shirai, arXiv:1703.09675 [hep-ph]
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Figure 1: Diagrams representing the two-lepton final state of (a) electroweakino H�0
2 H�±1 and (b) slepton pair H̀H̀

production in association with a jet radiated from the initial state. The Higgsino simplified model also considersH�0
2 H�0

1 and H�+1 H��1 production.
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Figure 2: Dilepton invariant mass (m``) for Higgsino (HH) and wino–bino (HW/HB) simplified models. The endpoint of
the m`` distribution is determined by the di�erence between the masses of the H�0
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1. The results from simulation

(solid) are compared with an analytic calculation of the expected lineshape (dashed) presented in Ref. [48], where
the product of the signed mass eigenvalues (m(H�0

2) ⇥ m(H�0
1)) is negative for Higgsino and positive for wino–bino

scenarios.

hadronic initial-state radiation (ISR). Electroweakino signal regions are constructed using the dilepton67

invariant mass m`` as a final discriminant, in which the signals have a kinematic endpoint given by the68

mass splitting of the H�0
2 and H�0

1, as illustrated in Figure 2. Slepton signal regions exploit a similar feature69

in the stransverse mass mT2 [39, 40]. This work complements the sensitivity of existing ATLAS searches70

at
p

s = 8 TeV [41–44], which set limits on the production of winos that decay via W or Z bosons for mass71

splittings of �m(H�±1 , H�0
1) & 35 GeV, and �m(H̀, H�0

1) & 55 GeV for slepton production. Similar searches72

have been reported by the CMS Collaboration at
p

s = 8 TeV [45, 46] and at
p

s = 13 TeV [47].73
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Figure 15: The limit plots for H̃ production. 15(a) shows the observed (solid black) vs expected (dashed black) 95%
upper limits on H̃ cross-section as a function of mH̃ , where the best expected limit between the high- and low-mass
analyses is selected at each point. The 1 and 2� uncertainty bands are shown as green and yellow respectively. The
theory cross-section is shown in the red curve. The bottom panel shows the ratio of the observed and expected limits
with the theory cross-section. 15(b) shows the observed (solid black) vs expected (dashed black) 95% limits in the
mH̃vs BR(H̃ ! hG̃) plane. The 1� uncertainty band is overlaid in green. Points above the lines are excluded by
the analyses.

10 Conclusions581

A search for pair-produced degenerate higgsinos decaying via Higgs bosons to gravitinos has been582

performed. LHC proton–proton collision data from the full 2015 and 2016 data-taking periods are583

studied by an analysis targeting high-mass signals utilizing Emiss
T triggers, corresponding to an integrated584

luminosity of 36.1 fb�1 collected at
p

s = 13 TeV by the ATLAS detector, 24.3 fb�1 of which is also585

used by an analysis utilizing b-jet triggers targeting low-mass signals. Each analysis used multiple signal586

regions to maximize sensitivity to the signal models under study. The signal regions require several587

high-pT jets, of which at least three must be b-tagged, Emiss
T and exactly zero leptons. For the high-mass588

analysis, the background is dominated by tt̄+jets, which is normalized in dedicated control regions; for the589

low-mass analysis, the background is dominated by multijet production, and is estimated directly from the590

data. No excess is found above the predicted background in any of the signal regions. Model-independent591

limits are set on the visible cross-section for new physics processes. Exclusion limits are set as a function592

of the mass of the higgsino; masses between 130 GeV and 230 GeV and between 290 GeV and 880 GeV593

are excluded at 95% confidence level. The results are also interpreted in a model with variable branching594

ratios of higgsino decays to a Higgs or Z-boson and a gravitino: branching ratios to Higgs boson decays595

as low as 45% are excluded for mH̃a ⇡ 400 GeV.596
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component; in this scenario the masses of the four lightest such particles would be nearly degenerate [20–58

22]. Production of these models is dominated by the �̃0
1 �̃

0
2, �̃0

1 �̃
±
1 , �̃0

2 �̃
±
1 , and �̃+1 �̃

�
1 processes; in59

these scenarios, the heavier chargino and neutralinos can cascade decay to the lightest neutralino ( �̃0
1) via60

o�-shell W and Z bosons, which are assumed to decay to immeasurably low momentum particles.61

In SUSY models with low SUSY breaking scales, such as general guage mediation (GGM) [23–25] or62

gauge-mediated symmetry breaking (GMSB) [26, 27], a gravitino (G̃) is generically the LSP, making the63

�̃0
1 the next-to-lightest-supersymmetric (NLSP) particle. While a variety of decay scenarios are possible64

between the various higgsino states and the LSP, the models under study in this analysis assume that the65

heavier higgsinos decay first to the �̃0
1 and then promptly to the LSP. Depending on the specific parameters66

of the theory, the �̃0
1 can decay to the G̃ via a photon, Z boson, or higgs boson [28]. If m�̃0

1
is greater67

than the higgs mass, the �̃0
1 is dominated by the higgsino component, and tan � is small, the dominant68

decay will typically be via higgs bosons, which can in turn decay to pairs of b-quarks which this search69

targets.70

These scenarios are implemented as simplified models [29–31] as shown in Figure 1. The primary free71

parameter of the model is the mass of the degenerate higgsino states, mH̃ ; the mass of the LSP is set to a72

negligibly small value. Additionally, to study the e�ects of model parameters which a�ect the decay mode73

of the NLSP, the branching ratio of the �̃0
1 decays are varied between 100% hG̃ and 100% ZG̃ decays.74

The cross-section is set to the sum of the four mass-degenerate higgsino pair processes.75

H̃
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h/Z

h/Zp

p

G̃

b

b
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b

Figure 1: Diagram for the simplified model considered in the analysis. The primary interpretation of the analysis is
the decay via higgs bosons, but decays via varied branching ratios to Z bosons are also studied. The production of the
H̃ occurs via mass-degenerate chargino/neutralino pairs, which decay to the �̃0

1 via immeasurably low momentum
particles.

3 ATLAS detector76

The ATLAS detector is a multipurpose particle physics detector with a forward-backward symmetric77

cylindrical geometry and nearly 4⇡ coverage in solid angle.3 The inner tracking detector (ID) consists78

3 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector.
The positive x-axis is defined by the direction from the interaction point to the centre of the LHC ring, with the positive y-axis
pointing upwards, while the beam direction defines the z-axis. Cylindrical coordinates (r, �) are used in the transverse plane, �
being the azimuthal angle around the z-axis. The pseudorapidity ⌘ is defined in terms of the polar angle ✓ by ⌘ = � ln tan(✓/2).
Rapidity is defined as y = 0.5 ln[(E + pz )/(E � pz )] where E denotes the energy and pz is the component of the momentum
along the beam direction.
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*extension of ATLAS di-Higgs search,
see parallel talk Elizabeth Brost
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Figure 2: Dilepton invariant mass (m``) for Higgsino (HH) and wino–bino (HW/HB) simplified models. The endpoint of
the m`` distribution is determined by the di�erence between the masses of the H�0

2 and H�0
1. The results from simulation

(solid) are compared with an analytic calculation of the expected lineshape (dashed) presented in Ref. [48], where
the product of the signed mass eigenvalues (m(H�0

2) ⇥ m(H�0
1)) is negative for Higgsino and positive for wino–bino

scenarios.

region |⌘ | < 2.5, consisting of pixel and microstrip silicon subsystems within a transition radiation tracker.86

The innermost pixel detector layer, the insertable B-layer [50], was added for
p

s = 13 TeV data-taking87

to improve tracking performance. These are
::::
The

:::::
inner

:::::::
detector

::
is

:
immersed in a 2 T axial magnetic field88

provided by a superconducting solenoid. High-granularity lead/liquid-argon electromagnetic sampling89

calorimeters are used for |⌘ | < 3.2. Hadronic energy deposits are measured in a steel/scintillator tile90

barrel calorimeter in the |⌘ | < 1.7 region. Forward calorimeters cover the region 1.5 < |⌘ | < 4.9 for91

both the electromagnetic and hadronic measurements. The MS
:::::
muon

::::::::::::
spectrometer

:
comprises trigger92

and high-precision tracking chambers spanning |⌘ | < 2.4 and |⌘ | < 2.7, respectively, and by three large93

superconducting toroidal magnets. Events of interest are selected using a two-level trigger system [51],94

consisting of a first-level trigger implemented in hardware, which is followed by a software-based high-95

level trigger.96

3 Collision data and simulated event samples97

Searches presented here use pp collision data at
p

s = 13 TeV from the LHC, collected by the ATLAS98

detector in 2015 and 2016. Events were selected using triggers requiring large Emiss
T with run-period-99

dependent thresholds of 70 to 110 GeV at the trigger level. These triggers are >95% e�cient for events100

with an o�ine-reconstructed Emiss
T greater than 200 GeV. The data sample corresponds to an integrated101

luminosity of 36.1 fb�1 with an uncertainty of 2.1%, derived using methods similar to those described in102

Ref. [52]. The average number of pp interactions per bunch crossing was 13.5 in 2015 and 25 in 2016.103

Samples of Monte Carlo (MC) simulated events are used to model both the signal and specific processes104

of the SM background. For the SUSY signals, two sets of simplified models [53–55] are used to guide105
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Scenario 2: Compressed Higgsino / Slepton

•  Search for direct production of higgsinos using mℓℓ

•  Search for compressed slepton+LSP using MT2(ℓℓ)
•  Soft leptons drive the sensitivity

–  Lowest electron pT thresholds ever used in ATLAS!                         
pT(ℓ2) > 4.5 / 4 GeV e/𝜇, mℓℓ > 1 GeV (veto 3.0-3.2)

–  Robust fake lepton modeling is key
•  Highly-optimized selections 
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Figure 1: Diagrams representing the two-lepton final state of (a) electroweakino H�0
2 H�±1 and (b) slepton pair H̀H̀

production in association with a jet radiated from the initial state. The Higgsino simplified model also considersH�0
2 H�0

1 and H�+1 H��1 production.
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Figure 2: Dilepton invariant mass (m``) for Higgsino (HH) and wino–bino (HW/HB) simplified models. The endpoint of
the m`` distribution is determined by the di�erence between the masses of the H�0

2 and H�0
1. The results from simulation

(solid) are compared with an analytic calculation of the expected lineshape (dashed) presented in Ref. [48], where
the product of the signed mass eigenvalues (m(H�0

2) ⇥ m(H�0
1)) is negative for Higgsino and positive for wino–bino

scenarios.

hadronic initial-state radiation (ISR). Electroweakino signal regions are constructed using the dilepton67

invariant mass m`` as a final discriminant, in which the signals have a kinematic endpoint given by the68

mass splitting of the H�0
2 and H�0

1, as illustrated in Figure 2. Slepton signal regions exploit a similar feature69

in the stransverse mass mT2 [39, 40]. This work complements the sensitivity of existing ATLAS searches70

at
p

s = 8 TeV [41–44], which set limits on the production of winos that decay via W or Z bosons for mass71

splittings of �m(H�±1 , H�0
1) & 35 GeV, and �m(H̀, H�0

1) & 55 GeV for slepton production. Similar searches72

have been reported by the CMS Collaboration at
p

s = 8 TeV [45, 46] and at
p

s = 13 TeV [47].73
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•  γ / γγ + MET + jets ➞ strong production

–  Probe up to 2.2 TeV gluinos / 1.8 TeV squarks
•  γ / γγ + MET ➞ electroweak production

–  Probe up to 1.2 TeV charginos/neutralinos
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Figure 1: Typical production and decay processes for the (left) gluino-production and (right) electroweak-production
instances of the GGM model for which the NLSP is a bino-like neutralino. These models are referred to in the text
as the gluino–bino and wino–bino models, respectively.
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Figure 2: Typical production and decay processes for (left) the squark-production instance of the GGM model for
which the NLSP is a bino-like neutralino, and (right) the gluino-production instance of the GGM model for which
the NLSP is a higgsino–bino neutralino admixture. These models are referred to in the text as the squark–bino and
higgsino–bino models, respectively.

p
s = 13 TeV run, a fourth layer of the pixel detector, the “insertable B-Layer” [28], was inserted at an131

average radius of 33.2 mm. The EM calorimeter uses lead as the absorber and liquid argon (LAr) as132

the active material. In the central rapidity region |⌘ | / 1.5, the EM calorimeter is divided into three133

longitudinal layers, one of them segmented in highly granular ⌘ strips for optimal �/⇡0 separation; it134

is augmented by a presampler layer for |⌘ | < 1.8. Hadron calorimetry is based on di�erent detector135

technologies, with scintillator tiles (|⌘ | < 1.7) or LAr (1.5 < |⌘ | < 4.9) as the active medium, and with136

�R ⌘
q

(�⌘)2 + (��)2. A related quantity, �Ry , makes use of rapidity y rather than pseudorapidity ⌘ to define phase-space

separation: �Ry ⌘
q

(�y)2 + (��)2.
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than ±1%, for photons satisfying the photon+jets selection criteria [29]. The diphoton trigger e�ciency is492

found to be close to 100% for events satisfying the diphoton analysis selection criteria, with an uncertainty493

of less than 0.4%.494

The ⌘-dependent uncertainty in the e�ciency of photon identification, determined as described in Ref. [60],495

is between ±0.2% and ±0.4% for E�
T < 200 GeV, and between ±1% and ±4% for larger values of E�

T.496

The uncertainty in the energy scale for electromagnetic objects with high ET, determined as described in497

Ref. [57], varies with ⌘ over the range ±(0.5–1.5)%. For high ET, the uncertainty in the photon energy498

resolution is dominated by the uncertainty on the constant term of the calorimetric energy resolution; at499

ET = 300 GeV, the relative uncertainty is ±(30–40)% depending on ⌘. For jets with 100 < pT < 500500

GeV, the uncertainty in the jet energy scale is found to be less than ±1% [66]. Due to uncertainties501

in corrections for pileup, this uncertainty rises with falling pT, reaching a value of about ±4.5% at502

pT = 20 GeV. Uncertainties in the values of whole-event observables, such as Emiss
T and HT, arise503

from uncertainties in the energy of the objects from which they are constructed. In addition, the Emiss
T504

observable receives a contribution from tracks not associated with any of the reconstructed objects in505

the event [71]. Uncertainties arising from the inclusion of these unassigned contributions are found to506

contribute negligibly to the overall uncertainty in the value of the Emiss
T observable.507

In the regions of GGM parameter space relevant for establishing the exclusion limits discussed in Section 8,508

and excepting MC statistical uncertainty, the quadrature sum of the individual sources of systematic509

uncertainty in the signal reconstruction e�ciency in the diphoton analysis is of order±5%, and is dominated510

by the uncertainties in photon identification and the calorimetric energy scales. In the photon+jets analysis511

the systematic uncertainty is larger (approximately ±20%), due partially to an increased sensitivity to the512

jet-energy scale and resolution associated with the multiple-jet requirement.513

9 Results514

Table 8: Summary of the number of events expected from SM sources (NSM
exp ), and the observed number of events

(Nobs), for each of the seven SRs. Also shown are the derived (S95
obs) and expected (S95

exp) model-independent 95%
CL limits on the number of events from non-SM processes, and the observed (h✏�i95

obs) and expected (h✏�i95
exp) 95%

CL limits on the visible cross section from non-SM processes. The last column of the table shows the significance
Z of the observed excess (if any), and the probability p, capped at 0.5, that a background-only experiment is more
signal-like than the observed number of events in the given signal region.

Signal Region Nobs NSM
exp S95

obs S95
exp h✏�i95

obs[fb] h✏�i95
exp[fb] Z (p)

SR��
S�L 0 0.50+0.30

�0.26 3.0 3.1+1.4
�0.2 0.083 0.086+0.039

�0.003 0.00 (0.50)
SR��

S�H 0 0.48+0.30
�0.25 3.0 3.1+1.3

�0.1 0.083 0.086+0.036
�0.003 0.00 (0.50)

SR��
W�L 6 3.7 ± 1.1 8.6 5.8+2.8

�1.6 0.238 0.161+0.078
�0.044 1.06 (0.14)

SR��
W�H 1 2.05+0.65

�0.63 3.7 4.4+1.9
�1.0 0.103 0.122+0.053

�0.028 0.27 (0.40)
SR�j

L 4 1.33+0.54
�0.32 7.6 4.7+1.6

�0.8 0.210 0.130+0.044
�0.022 1.81 (0.035)

SR�j
L200 8 2.68+0.64

�0.63 11.5 5.4+2.2
�1.2 0.318 0.151+0.060

�0.033 2.36 (0.009)
SR�j

H 3 1.14+0.61
�0.36 6.6 5.9+1.8

�1.1 0.183 0.162+0.050
�0.030 1.20 (0.116)
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RPC 3rd generation Searches

•  6 results including 1 new result for SUSY17
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Search Final State Max Mass Reach [GeV] References

sbottom 2 b-jets + MET 950 GeV (stop)
860 GeV (sbottom)

1708.09266

stop 0L 0ℓ + b-jets + MET 950 GeV 1709.04183

stop 1ℓ               
with DM+HF

1ℓ + jets + MET 950 GeV 1711.11520

stop 2ℓ 2ℓ + MET (+ jets) 720 GeV 1708.03247

stops with Z/h 1 / 2 / 3ℓ+ b-jets + MET 870 GeV JHEP08 (2017) 006

stop➞stau 2ℓ + MET (+ jets) 1160 GeV ATLAS-CONF-2017-079NEW

see parallel talks:
Sara Strandberg: stops/sbottoms
Ian Michael Snyder: pMSSM stop results
Antonia Miucci: stops with taus or Z/h bosons
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+ additional searches for t➝b χ1 or b➝t χ1 and interpretations with full models (pMSSM) 
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stop 0ℓ and 1ℓ
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Δm = mstop – mLSP

exploit novel search variables,
including “Super-Razor” [1]
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[1] Buckley, Lykken, Rogan, Spiropulu, PRD 89055020, 2014

R2` = Emiss
T /(pT(`1) + pT(`2)),

and
R2`4 j = Emiss

T /(Emiss
T + pT(`1) + pT(`2) +

X

i=1,...,N4

pT( ji)),

where pT(`1) and pT(`2) are the leading and subleading lepton transverse momenta and pT( ji=1,...,N4) are
the transverse momenta in decreasing order of up to the four leading jets. The variables R2`2 j and R2` are
used to reject backgrounds, e.g. Z/�⇤ + jets, which peak at lower values than the signal. Similarly, R2`4 j
is a powerful discriminant against multi-jet events.

Other variables employed are :

- p

``
T,boost: defined as the vector

p

``
T,boost = p

miss
T + pT(`1) + pT(`2).

The p

``
T,boost variable, with magnitude p``T,boost, can be interpreted as the opposite of the vector sum

of all the transverse hadronic activity in the event.

- ��boost: the azimuthal angle between the p

miss
T vector and the p

``
T,boost vector.

- �x: defined as
�x =

2 · (pz(`1) + pz(`2))
ECM

where ECM = 13 TeV is used and pz(`1),pz(`2) are respectively the leading and subleading lepton
longitudinal momenta. This variable helps to discriminate between gluon- and quark-initiated pro-
cesses. The former tend to peak towards zero, while the latter tend to peak at higher values.

- cos ✓b: the cosine of the angle between the direction of motion of either of the two leptons and the
beam axis in the centre-of-mass frame of the two leptons [50]. This variable is sensitive to the spin
of the pair-produced particle, providing additional rejection against diboson backgrounds.

- m``T2: lepton-based stransverse mass. The stransverse mass defined in Refs. [51, 52] is a kinematic
variable used to bound the masses of a pair of identical particles which have each decayed into a
visible and an invisible particle. This quantity is defined as

mT2(pT,1,pT,2,qT) = min
qT,1+qT,2=qT

�
max[ mT(pT,1,qT,1),mT(pT,2,qT,2) ]

 
,

where mT indicates the transverse mass,2 pT,1 and pT,2 are the transverse momentum vectors of
two particles, and qT,1 and qT,2 are transverse momentum vectors with qT = qT,1 + qT,2. The
minimisation is performed over all the possible decompositions of qT. For tt̄ or WW decays with
t ! b`⌫ and W ! `⌫, when the transverse momenta of the two leptons in each event are taken
as pT,1 and pT,2, and p

miss
T as qT, mT2(pT(`1),pT(`2),pmiss

T ) is bounded sharply from above by
the mass of the W boson [53, 54]. In the t̃ ! b�̃±1 decay mode the upper bound is strongly
correlated with the mass di↵erence between the chargino and the lightest neutralino. In this paper,
mT2(pT(`1),pT(`2),pmiss

T ) is referred to simply as m``T2.

2 The transverse mass is defined by the equation mT(pT,qT) =
p

2|pT||qT|(1 � cos(��)), where �� is the angle between the
particles of negligible mass with transverse momenta pT and qT.
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respect to the p

miss
T direction. The latter quantity provides additional discrimination against background

where the two b-tagged jets come from a gluon splitting. Table 1 summarizes the selection criteria that
are used in these two signal regions.

Table 1: Selection criteria for SRA and SRB, in addition to the common preselection requirements described in the
text. The signal regions are separated into topological categories based on reconstructed top-candidate masses.

Signal Region TT TW T0

m0
jet,R=1.2 > 120 GeV

m1
jet,R=1.2 > 120 GeV [60, 120] GeV < 60 GeV

mb,min
T > 200 GeV

Nb�jet � 2

⌧-veto yes�����
⇣
jet0,1,2, pmiss

T

⌘ ��� > 0.4

A

m0
jet,R=0.8 > 60 GeV

�R (b, b) > 1 -

m�2

T2 > 400 GeV > 400 GeV > 500 GeV

Emiss
T > 400 GeV > 500 GeV > 550 GeV

B

mb,max
T > 200 GeV

�R (b, b) > 1.2

Signal Regions C

SRC is optimized for direct top-squark pair production where �m(t̃, �̃0
1) ⇡ mt , a regime in which the

signal topology is very similar to SM tt̄ production. In the presence of high-momentum ISR, which
can be reconstructed as multiple jets and form an ISR system, the di-top-squark system is boosted in the
transverse plane. The ratio of the Emiss

T to the pT of the ISR system in the centre-of-mass (CM) frame
(pISR

T ), defined as RISR, is proportional to the ratio of the �̃0
1 and t̃ masses [66, 67]:

RISR ⌘
Emiss

T
pISR

T
⇠

m �̃0
1

mt̃
. (2)

A recursive jigsaw reconstruction technique, as described in Ref. [68], is used to divide each event into an
ISR hemisphere and a sparticle hemisphere, where the latter consists of the pair of candidate top squarks,
each of which decays via a top quark and a �̃0

1. Objects are grouped together based on their proximity
in the lab frame’s transverse plane by minimizing the reconstructed transverse masses of the ISR system
and sparticle system simultaneously over all choices of object assignment. Kinematic variables are then
defined based on this assignment of objects to either the ISR system or the sparticle system. This method

9
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)expσ1 ±Expected limit (

 (observed)-1ATLAS  8 TeV, 20.3 fb

LEP limit

FIG. 7. Expected (solid blue line) and observed (solid red line) exclusion-limit contours at 95 % confidence
level, for the statistical combination of the lep-had and had-had channels, using full experimental and theory
systematic uncertainties. The yellow band shows one-sigma variations around the expected limit contour, including
all uncertainties except the theoretical uncertainty on the signal cross section. The dotted red lines indicate how
the observed limit moves when varying the signal cross section up or down by the corresponding uncertainty in
the theoretical value. For comparison, the plot also shows the observed exclusion contour from the ATLAS Run-1
analysis [22] as area shaded in gray and the limit on the mass of the tau slepton (for a massless LSP) from the LEP
experiments [23] as green band.

TABLE IX. Left to right: observed 95 % CL upper limits on the visible cross section (h✏�i95
obs) and on the number

of signal events (S95
obs ). The third column (S95

exp) shows the expected 95 % CL upper limit on the number of signal
events, given the expected number (and ±1� excursions on the expectation) of background events. The last two
columns indicate the CLb value, i.e. the confidence level observed for the background-only hypothesis, and the
discovery p-value (p(s = 0)) and the corresponding significance (Z).

Signal channel h✏�i95
obs[fb] S95

obs S95
exp CLb p(s = 0) (Z)

SR LH 0.15 5.4 4.5+2.6
�1.5 0.65 0.32 (0.47)

SR HH 0.13 4.7 4.6+2.5
�1.5 0.52 0.48 (0.05)
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stop➞stau Search
•  Extend sensitivity to tau-rich models
•  Search in ℓ𝜏h / 𝜏h 𝜏h channels with large ET

miss and mT2

•  Probe up to 1.16 TeV stops 
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Figure 1: The simplified model for production and decay of supersymmetric particles considered in this work. The
branching ratios are assumed to be 100 % in the decay mode shown, both for the decay of the scalar top quark as
well as for the decay of the scalar tau. All sparticles not appearing in this diagram are assumed to be too massive to
be relevant for LHC phenomenology.

of R-parity is assumed [12], so that the supersymmetric particles (sparticles) are produced in pairs, and47

the lightest supersymmetric particle (LSP) is stable, providing a viable candidate for dark matter.48

This article describes a search for Supersymmetry in a benchmark scenario motivated by gauge-mediated49

SUSY breaking (GMSB) [13–15] and natural gauge mediation (nGM) [16]. In this scenario, only three50

sparticles are assumed to be su�ciently light to be relevant in collider phenomenology: the lightest51

scalar top quark t̃1, the lightest scalar tau lepton ⌧̃1, and a nearly massless gravitino G̃ as the LSP52

(m(G̃) < 1 GeV).53

The search strategy is optimized using a simplified model [17, 18] with this limited sparticle content, the54

relevant parameters being the sfermion masses m(t̃1) and m(⌧̃1) for the process illustrated in figure 1.55

The scalar top quark (top squark) is assumed to be light [19, 20] and directly pair-produced through the56

strong interaction. Each top squark t̃1 decays into a b-quark, a tau neutrino, and a scalar tau lepton (tau57

slepton) ⌧̃1 which in turn decays into a tau lepton and a gravitino. The branching ratios are set to 100 %.58

An alternative scenario where the lightest neutralino �̃0
1 is the LSP, which would suggest a high branching59

ratio of direct decays t̃1 ! t �̃0
1, has been studied elsewhere [21–25].60

The search uses proton–proton (pp) collision data collected with the ATLAS detector at
p

s = 13 TeV61

in 2015 and 2016, with a combined integrated luminosity of 36.1 / fb. A previous analysis considering62

the same three-body decay mode of the top squark to the tau slepton based on 20 / fb of ATLAS data at63 p
s = 8 TeV has set lower limits on the mass of the scalar top t̃1 of up to 650 GeV [26]. The combined64

LEP lower limit on the mass of the tau slepton ranges between 87 and 96 GeV, depending on the assumed65

mass of the lightest neutralino [27]. Models with small mass di�erences between the tau slepton and66

the lightest neutralino of up to approximately 10 GeV are not excluded by the LEP experiments. For a67

branching ratio ⌧̃ ! ⌧ �̃0
1 of 100 % and a massless �̃0

1, the limit is around 90 GeV.68

Depending on the decay modes of the tau leptons, final states with two tau leptons can be classified into69

one of the following three channels: Events with both tau leptons decaying hadronically belong to the70

had-had channel. The lep-had channel refers to events in which one of the tau leptons decays leptonically71

and the other hadronically. Final states where both tau leptons decay leptonically have the smallest72

branching fraction and are not taken into account, as initial studies showed that they would not contribute73

significantly to the sensitivity of the analysis.74

This article is structured as follows: section 2 gives a brief description of the ATLAS detector. Section 375

defines the recorded and simulated events used in the analysis, while section 4 summarizes the reconstruc-76
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FIG. 5. Distributions of mT2 (left) and Emiss
T (right) in the signal regions of the lep-had channel (top) and had-had

channel (bottom) before the respective selection requirements, indicated by the vertical line and arrow, are applied.
The stacked histograms show the various SM background contributions. The total background from events with a
fake tau lepton in the lep-had channel (fake ⌧ + e /µ) is obtained from the fake-factor method. The hatched band
indicates the total statistical and systematic uncertainty on the SM background. The error bars on the black data
points represent the statistical uncertainty on the data yields. The dashed line shows the expected additional yields
from a benchmark signal model. The right-most bin includes the overflow.
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FIG. 5. Distributions of mT2 (left) and Emiss
T (right) in the signal regions of the lep-had channel (top) and had-had

channel (bottom) before the respective selection requirements, indicated by the vertical line and arrow, are applied.
The stacked histograms show the various SM background contributions. The total background from events with a
fake tau lepton in the lep-had channel (fake ⌧ + e /µ) is obtained from the fake-factor method. The hatched band
indicates the total statistical and systematic uncertainty on the SM background. The error bars on the black data
points represent the statistical uncertainty on the data yields. The dashed line shows the expected additional yields
from a benchmark signal model. The right-most bin includes the overflow.
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FIG. 7. Expected (solid blue line) and observed (solid red line) exclusion-limit contours at 95 % confidence
level, for the statistical combination of the lep-had and had-had channels, using full experimental and theory
systematic uncertainties. The yellow band shows one-sigma variations around the expected limit contour, including
all uncertainties except the theoretical uncertainty on the signal cross section. The dotted red lines indicate how
the observed limit moves when varying the signal cross section up or down by the corresponding uncertainty in
the theoretical value. For comparison, the plot also shows the observed exclusion contour from the ATLAS Run-1
analysis [22] as area shaded in gray and the limit on the mass of the tau slepton (for a massless LSP) from the LEP
experiments [23] as green band.

TABLE IX. Left to right: observed 95 % CL upper limits on the visible cross section (h✏�i95
obs) and on the number

of signal events (S95
obs ). The third column (S95

exp) shows the expected 95 % CL upper limit on the number of signal
events, given the expected number (and ±1� excursions on the expectation) of background events. The last two
columns indicate the CLb value, i.e. the confidence level observed for the background-only hypothesis, and the
discovery p-value (p(s = 0)) and the corresponding significance (Z).

Signal channel h✏�i95
obs[fb] S95

obs S95
exp CLb p(s = 0) (Z)

SR LH 0.15 5.4 4.5+2.6
�1.5 0.65 0.32 (0.47)

SR HH 0.13 4.7 4.6+2.5
�1.5 0.52 0.48 (0.05)
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level, for the statistical combination of the lep-had and had-had channels, using full experimental and theory
systematic uncertainties. The yellow band shows one-sigma variations around the expected limit contour, including
all uncertainties except the theoretical uncertainty on the signal cross section. The dotted red lines indicate how
the observed limit moves when varying the signal cross section up or down by the corresponding uncertainty in
the theoretical value. For comparison, the plot also shows the observed exclusion contour from the ATLAS Run-1
analysis [22] as area shaded in gray and the limit on the mass of the tau slepton (for a massless LSP) from the LEP
experiments [23] as green band.

TABLE IX. Left to right: observed 95 % CL upper limits on the visible cross section (h✏�i95
obs) and on the number

of signal events (S95
obs ). The third column (S95

exp) shows the expected 95 % CL upper limit on the number of signal
events, given the expected number (and ±1� excursions on the expectation) of background events. The last two
columns indicate the CLb value, i.e. the confidence level observed for the background-only hypothesis, and the
discovery p-value (p(s = 0)) and the corresponding significance (Z).

Signal channel h✏�i95
obs[fb] S95

obs S95
exp CLb p(s = 0) (Z)

SR LH 0.15 5.4 4.5+2.6
�1.5 0.65 0.32 (0.47)

SR HH 0.13 4.7 4.6+2.5
�1.5 0.52 0.48 (0.05)
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RPC inclusive squark/gluino searches

•  7 results with 2016 data, 1 new result for SUSY17

Dec 13, 2017 SUSY17 28

Search Final State Maximum Mass Reach References

0L squarks/gluinos 0 leptons + 2-6 jets + MET mgluino ~ 2.0 TeV, msquark ~ 1.6 TeV 1712.02332

0L squarks/gluinos 0 leptons + 7-10 jets + MET mgluino ~ 1.8 TeV 1708.02794

1L squarks/gluinos 1 lepton + jets + MET mgluino ~ 2.1 TeV, msquark ~ 1.25 TeV 1708.08232

gluinos with t/b 0/1 lepton + 3-4 b-jets + MET mgluino ~ 2.0 TeV 1711.01901

Z/edge [14.7 fb-1] 2 OS leptons + jets + MET mgluino ~ 1.7 TeV, msquark ~ 980 GeV EPJC 77 (2017) 144

SS2L/3L 2 SS leptons/3 leptons mgluino ~ 1.87 TeV, msbottom ~ 980 GeV 1706.03731

GMSB with photons γ / γγ + jets + MET max. reach up to 1.9 / 2.2 TeV 
squarks / gluinos

ATLAS-CONF-2017-080

see parallel talks:
Koichi Nagai: all-hadronic squarks/gluinos
Tova Holmes: ≥1ℓ squarks/gluinos
Alex Mann: GMSB

NEW



Summary of Inclusive Squark/Gluino Searches

Dec 13, 2017 SUSY17 29
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Figure 1: Typical production and decay processes for the (left) gluino-production and (right) electroweak-production
instances of the GGM model for which the NLSP is a bino-like neutralino. These models are referred to in the text
as the gluino–bino and wino–bino models, respectively.

q̃
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�̃0
1
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�
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�

Figure 2: Typical production and decay processes for (left) the squark-production instance of the GGM model for
which the NLSP is a bino-like neutralino, and (right) the gluino-production instance of the GGM model for which
the NLSP is a higgsino–bino neutralino admixture. These models are referred to in the text as the squark–bino and
higgsino–bino models, respectively.

p
s = 13 TeV run, a fourth layer of the pixel detector, the “insertable B-Layer” [28], was inserted at an131

average radius of 33.2 mm. The EM calorimeter uses lead as the absorber and liquid argon (LAr) as132

the active material. In the central rapidity region |⌘ | / 1.5, the EM calorimeter is divided into three133

longitudinal layers, one of them segmented in highly granular ⌘ strips for optimal �/⇡0 separation; it134

is augmented by a presampler layer for |⌘ | < 1.8. Hadron calorimetry is based on di�erent detector135

technologies, with scintillator tiles (|⌘ | < 1.7) or LAr (1.5 < |⌘ | < 4.9) as the active medium, and with136

�R ⌘
q

(�⌘)2 + (��)2. A related quantity, �Ry , makes use of rapidity y rather than pseudorapidity ⌘ to define phase-space

separation: �Ry ⌘
q

(�y)2 + (��)2.

December 4, 2017 – 05:00 7

•  Probe up to 2.1 TeV gluinos and 
down to mgluino-mLSP = 100 GeV

jets + MET + n leptons (n = 0, 1, 2)
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•  Extend sensitivity to GMSB scenarios ➝ 
probe up to 1.8 / 2.2 TeV squarks / gluinos
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RPV / Long-lived SUSY Searches

•  4 results including 1 new result for SUSY17 on RPV multi-jets
–  N.B. RPC SUSY searches can also be sensitive to RPV (ET

miss from neutrinos)

Dec 13, 2017 SUSY17 30

Search Final State Maximum Mass Reach References [1]

RPV multijets ≥4 jets mgluino ~ 1.9 TeV SUSY-2016-22

RPV stop→jj 4 jets mstop ~ 610 GeV 1710.07171

RPV stop→bℓ 2 OS leptons + 2 b-jets mstop ~ 1.5 TeV 1710.05544 

RPV 1L 1 lepton + 8-12 jets + no MET mgluino ~ 2.1 TeV, mstop ~ 1.1 TeV 1704.08493

NEW

see parallel talks:
Larry Lee: RPV squarks/gluinos
Francesca Ungaro: RPV stops



RPV multi-jets
•  Search in events with ≥4 large R jets with large                         [1-3] 

•  Data-driven background modeling from templates with njets < 4 

Dec 13, 2017 SUSY17 31
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of the four leading large-R jets.161

M⌃J =
X

pT>200 GeV
|⌘ |2.0

mjet. (2)

This observable provides significant sensitivity for very high-mass gluinos. Figure 2(a) presents examples162

of the discrimination that the M⌃J observable provides between the background (represented here by163

S�����, P����� 8.186 and Herwig++ multijet MC simulation) and several signal samples, as well as the164

comparison of the data to the Monte Carlo multijet background.165

Another discriminating variable that is independent of M⌃J is necessary in order to define suitable control166

and validation regions where the background estimation can be studied and tested. The signal is char-167

acterized by a higher rate of central jet events as compared to the primary multijet background. This is168

expected due to the di�erence in the production modes that is predominantly s-channel for the signal,169

while the background can also be produced through u- and t-channel processes. Figure 2(b) shows the170

distribution of the pseudorapidity di�erence between the two leading large-R jets, |�⌘12 | for several signal171

and background Monte Carlo samples, as well as data. A high |�⌘12 | requirement can be applied to172

establish a control region or a validation region where the potential signal contamination needs to be173

suppressed.174
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(b) |�⌘12 |

Figure 2: Comparison between signal sample and background control sample for (a) the scalar sum of the masses
of the four leading large-R jets M⌃J and (b) the di�erence in pseudorapidity between the two leading large-R jets
|�⌘12 |. Two typical signal points are shown, as well as the distributions obtained from the data. All distributions
are normalized to the same area. The selection requires four or more jets, is inclusive in |�⌘12 | and has no b-tagging
requirements.

The use of M⌃J in this analysis provides an opportunity to employ the fully data-driven jet mass template175

method to estimate the background contribution in signal regions. The jet mass template method is176

discussed in Ref. [57], and its first experimental implementation is described in Ref. [19]. In this method,177

single jet mass templates are extracted from signal-depleted control regions. These jet mass templates are178

created in bins that are defined by a number of observables, which include jet pT and |⌘ |, and the b-matching179

status. They provide a probability density function that describes the relative probability for a jet with a180

given pT and ⌘ to have a certain mass. This method assumes that jet mass templates only depend on these181

observables and are the same between control regions and signal regions. A sample where the background182
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(a) gluino direct decay model
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(b) gluino cascade decay

Figure 1: Diagrams for the benchmark processes considered for this analysis. The black lines represent Standard
Model particles, the red lines represent SUSY partners, the gray shaded circles represent e�ective vertices that
include o�-shell propagators (e.g. heavy squarks coupling to a �̃0

1 neutralino and a quark), and the blue solid circles
represent e�ective RPV vertices allowed by the baryon-number-violating � 00 couplings with o�-shell propagators
(e.g. heavy squarks coupling to two quarks). Quark and anti-quark are not distinguished in the diagrams.

2 ATLAS detector61

The ATLAS detector [21] covers almost the whole solid angle around the collision point with layers62

of tracking detectors, calorimeters and muon chambers. The inner detector, immersed in a magnetic63

field provided by a solenoid, has full coverage in � and covers the pseudorapidity range |⌘ | < 2.5.164

It consists of a silicon pixel detector, a silicon microstrip detector and a transition radiation straw-tube65

tracker. In the pseudorapidity region |⌘ | < 3.2, high granularity lead liquid-argon (LAr) electromagnetic66

(EM) sampling calorimeters are used. A steel-scintillator tile calorimeter provides hadronic calorimetry67

coverage over |⌘ | < 1.7. The end-cap and forward regions, spanning 1.5 < |⌘ | < 4.9, are instrumented68

with LAr calorimetry for both EM and hadronic measurements. The muon spectrometer surrounds these69

calorimeters, and comprises a system of precision tracking chambers and fast-response detectors for70

triggering with three large toroids, each consisting of eight coils providing the magnetic field for the muon71

detectors. A two-level trigger system is used to select events [22]. The first-level trigger is implemented in72

hardware and uses a subset of the detector information. This is followed by the software-based High-Level73

Trigger, reducing the event rate to about 1 kHz.74

3 Simulation samples75

Signal samples are produced covering a wide range of gluino and neutralino masses. In the gluino direct76

decay model, the gluino mass (mg̃) is varied from 900 GeV to 1800 GeV. In the case of the cascade decays,77

for each gluino mass (1000 GeV to 2100 GeV), separate samples are generated with multiple neutralino78

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the center of the detector
and the z-axis along the beam direction. The x-axis points toward the center of the LHC ring, and the y-axis points upward.
Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the beam pipe. The
pseudorapidity ⌘ is defined in terms of the polar angle ✓ by ⌘ ⌘ � ln[tan(✓/2)].
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Figure 1: Diagrams for the benchmark processes considered for this analysis. The black lines represent Standard
Model particles, the red lines represent SUSY partners, the gray shaded circles represent e�ective vertices that
include o�-shell propagators (e.g. heavy squarks coupling to a �̃0

1 neutralino and a quark), and the blue solid circles
represent e�ective RPV vertices allowed by the baryon-number-violating � 00 couplings with o�-shell propagators
(e.g. heavy squarks coupling to two quarks). Quark and anti-quark are not distinguished in the diagrams.

2 ATLAS detector61

The ATLAS detector [21] covers almost the whole solid angle around the collision point with layers62

of tracking detectors, calorimeters and muon chambers. The inner detector, immersed in a magnetic63

field provided by a solenoid, has full coverage in � and covers the pseudorapidity range |⌘ | < 2.5.164

It consists of a silicon pixel detector, a silicon microstrip detector and a transition radiation straw-tube65

tracker. In the pseudorapidity region |⌘ | < 3.2, high granularity lead liquid-argon (LAr) electromagnetic66

(EM) sampling calorimeters are used. A steel-scintillator tile calorimeter provides hadronic calorimetry67

coverage over |⌘ | < 1.7. The end-cap and forward regions, spanning 1.5 < |⌘ | < 4.9, are instrumented68

with LAr calorimetry for both EM and hadronic measurements. The muon spectrometer surrounds these69

calorimeters, and comprises a system of precision tracking chambers and fast-response detectors for70

triggering with three large toroids, each consisting of eight coils providing the magnetic field for the muon71

detectors. A two-level trigger system is used to select events [22]. The first-level trigger is implemented in72

hardware and uses a subset of the detector information. This is followed by the software-based High-Level73

Trigger, reducing the event rate to about 1 kHz.74

3 Simulation samples75

Signal samples are produced covering a wide range of gluino and neutralino masses. In the gluino direct76

decay model, the gluino mass (mg̃) is varied from 900 GeV to 1800 GeV. In the case of the cascade decays,77

for each gluino mass (1000 GeV to 2100 GeV), separate samples are generated with multiple neutralino78

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the center of the detector
and the z-axis along the beam direction. The x-axis points toward the center of the LHC ring, and the y-axis points upward.
Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the beam pipe. The
pseudorapidity ⌘ is defined in terms of the polar angle ✓ by ⌘ ⌘ � ln[tan(✓/2)].
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• Restrictions set by the relic density favor a light ǁ𝜏 with a small mass splitting
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• Assuming systematic uncertainty ~30%, 5𝜎 discovery sensitivity 
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q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 36.1 m(χ̃

0
1)<200 GeV, m(1st gen. q̃)=m(2nd gen. q̃) 1712.023321.57 TeVq̃

q̃q̃, q̃→qχ̃
0
1 (compressed) mono-jet 1-3 jets Yes 36.1 m(q̃)-m(χ̃

0
1)<5 GeV 1711.03301710 GeVq̃

g̃g̃, g̃→qq̄χ̃
0
1 0 2-6 jets Yes 36.1 m(χ̃

0
1)<200 GeV 1712.023322.02 TeVg̃

g̃g̃, g̃→qqχ̃
±
1→qqW±χ̃

0
1 0 2-6 jets Yes 36.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1)+m(g̃)) 1712.023322.01 TeVg̃

g̃g̃, g̃→qq̄(ℓℓ)χ̃
0
1

ee, µµ 2 jets Yes 14.7 m(χ̃
0
1)<300 GeV, 1611.057911.7 TeVg̃

g̃g̃, g̃→qq(ℓℓ/νν)χ̃
0
1

3 e, µ 4 jets - 36.1 m(χ̃
0
1)=0 GeV 1706.037311.87 TeVg̃

g̃g̃, g̃→qqWZχ̃
0
1 0 7-11 jets Yes 36.1 m(χ̃

0
1) <400 GeV 1708.027941.8 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ + 0-1 ℓ 0-2 jets Yes 3.2 1607.059792.0 TeVg̃

GGM (bino NLSP) 2 γ - Yes 36.1 cτ(NLSP)<0.1 mm ATLAS-CONF-2017-0802.15 TeVg̃

GGM (higgsino-bino NLSP) γ 2 jets Yes 36.1 m(χ̃
0
1)=1700 GeV, cτ(NLSP)<0.1 mm, µ>0 ATLAS-CONF-2017-0802.05 TeVg̃

Gravitino LSP 0 mono-jet Yes 20.3 m(G̃)>1.8 × 10−4 eV, m(g̃)=m(q̃)=1.5 TeV 1502.01518F1/2 scale 865 GeV

g̃g̃, g̃→bb̄χ̃
0
1 0 3 b Yes 36.1 m(χ̃

0
1)<600 GeV 1711.019011.92 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Yes 36.1 m(χ̃
0
1)<200 GeV 1711.019011.97 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 36.1 m(χ̃

0
1)<420 GeV 1708.09266950 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e, µ (SS) 1 b Yes 36.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
1 )= m(χ̃

0
1)+100 GeV 1706.03731275-700 GeVb̃1

t̃1 t̃1, t̃1→bχ̃
±
1 0-2 e, µ 1-2 b Yes 4.7/13.3 m(χ̃

±
1 ) = 2m(χ̃

0
1), m(χ̃

0
1)=55 GeV 1209.2102, ATLAS-CONF-2016-077t̃1 117-170 GeV 200-720 GeVt̃1

t̃1 t̃1, t̃1→Wbχ̃
0
1 or tχ̃

0
1

0-2 e, µ 0-2 jets/1-2 b Yes 20.3/36.1 m(χ̃
0
1)=1 GeV 1506.08616, 1709.04183, 1711.11520t̃1 90-198 GeV 0.195-1.0 TeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet Yes 36.1 m(t̃1)-m(χ̃

0
1)=5 GeV 1711.0330190-430 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)>150 GeV 1403.5222t̃1 150-600 GeV

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z) 1 b Yes 36.1 m(χ̃
0
1)=0 GeV 1706.03986290-790 GeVt̃2

t̃2 t̃2, t̃2→t̃1 + h 1-2 e, µ 4 b Yes 36.1 m(χ̃
0
1)=0 GeV 1706.03986320-880 GeVt̃2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1 2 e, µ 0 Yes 36.1 m(χ̃

0
1)=0 ATLAS-CONF-2017-03990-500 GeVℓ̃

χ̃+
1
χ̃−

1 , χ̃
+

1→ℓ̃ν(ℓν̃) 2 e, µ 0 Yes 36.1 m(χ̃
0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) ATLAS-CONF-2017-039750 GeVχ̃±

1

χ̃±
1
χ̃∓

1 /χ̃
0
2, χ̃

+

1→τ̃ν(τν̃), χ̃
0
2→τ̃τ(νν̃) 2 τ - Yes 36.1 m(χ̃

0
1)=0, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1708.07875760 GeVχ̃±

1

χ̃±
1
χ̃0

2→ℓ̃Lνℓ̃Lℓ(ν̃ν), ℓν̃ℓ̃Lℓ(ν̃ν) 3 e, µ 0 Yes 36.1 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2017-0391.13 TeVχ̃±

1 , χ̃
0

2

χ̃±
1
χ̃0

2→Wχ̃
0
1Zχ̃

0
1

2-3 e, µ 0-2 jets Yes 36.1 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, ℓ̃ decoupled ATLAS-CONF-2017-039580 GeVχ̃±

1 , χ̃
0

2

χ̃±
1
χ̃0

2→Wχ̃
0
1h χ̃

0
1, h→bb̄/WW/ττ/γγ e, µ, γ 0-2 b Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, ℓ̃ decoupled 1501.07110χ̃±

1 , χ̃
0

2 270 GeV

χ̃0
2
χ̃0

3, χ̃
0
2,3 →ℓ̃Rℓ 4 e, µ 0 Yes 20.3 m(χ̃

0
2)=m(χ̃

0
3), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

0
2)+m(χ̃

0
1)) 1405.5086χ̃0

2,3 635 GeV

GGM (wino NLSP) weak prod., χ̃
0
1→γG̃ 1 e, µ + γ - Yes 20.3 cτ<1 mm 1507.05493W̃ 115-370 GeV

GGM (bino NLSP) weak prod., χ̃
0
1→γG̃ 2 γ - Yes 36.1 cτ<1 mm ATLAS-CONF-2017-0801.06 TeVW̃

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 Disapp. trk 1 jet Yes 36.1 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )=0.2 ns 1712.02118460 GeVχ̃±

1

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 dE/dx trk - Yes 18.4 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )<15 ns 1506.05332χ̃±

1 495 GeV

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 27.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s 1310.6584g̃ 850 GeV

Stable g̃ R-hadron trk - - 3.2 1606.051291.58 TeVg̃

Metastable g̃ R-hadron dE/dx trk - - 3.2 m(χ̃
0
1)=100 GeV, τ>10 ns 1604.045201.57 TeVg̃

Metastable g̃ R-hadron, g̃→qqχ̃
0
1

displ. vtx - Yes 32.8 τ(g̃)=0.17 ns, m(χ̃
0
1) = 100 GeV 1710.049012.37 TeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 19.1 10<tanβ<50 1411.6795χ̃0

1 537 GeV

GMSB, χ̃
0
1→γG̃, long-lived χ̃

0
1

2 γ - Yes 20.3 1<τ(χ̃
0
1)<3 ns, SPS8 model 1409.5542χ̃0

1 440 GeV

g̃g̃, χ̃
0
1→eeν/eµν/µµν displ. ee/eµ/µµ - - 20.3 7 <cτ(χ̃

0
1)< 740 mm, m(g̃)=1.3 TeV 1504.05162χ̃0

1 1.0 TeV

LFV pp→ν̃τ + X, ν̃τ→eµ/eτ/µτ eµ,eτ,µτ - - 3.2 λ′311=0.11, λ132/133/233=0.07 1607.080791.9 TeVν̃τ

Bilinear RPV CMSSM 2 e, µ (SS) 0-3 b Yes 20.3 m(q̃)=m(g̃), cτLS P<1 mm 1404.2500q̃, g̃ 1.45 TeV

χ̃+
1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→eeν, eµν, µµν 4 e, µ - Yes 13.3 m(χ̃

0
1)>400GeV, λ12k!0 (k = 1, 2) ATLAS-CONF-2016-0751.14 TeVχ̃±

1

χ̃+
1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→ττνe, eτντ 3 e, µ + τ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ133!0 1405.5086χ̃±

1 450 GeV

g̃g̃, g̃→qqχ̃
0
1, χ̃

0
1 → qqq 0 4-5 large-R jets - 36.1 m(χ̃

0
1)=1075 GeV SUSY-2016-221.875 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1, χ̃

0
1 → qqq 1 e, µ 8-10 jets/0-4 b - 36.1 m(χ̃

0
1)= 1 TeV, λ112!0 1704.084932.1 TeVg̃

g̃g̃, g̃→t̃1t, t̃1→bs 1 e, µ 8-10 jets/0-4 b - 36.1 m(t̃1)= 1 TeV, λ323!0 1704.084931.65 TeVg̃

t̃1 t̃1, t̃1→bs 0 2 jets + 2 b - 36.7 1710.07171100-470 GeVt̃1 480-610 GeVt̃1

t̃1 t̃1, t̃1→bℓ 2 e, µ 2 b - 36.1 BR(t̃1→be/µ)>20% 1710.055440.4-1.45 TeVt̃1

Scalar charm, c̃→cχ̃
0
1 0 2 c Yes 20.3 m(χ̃

0
1)<200 GeV 1501.01325c̃ 510 GeV

Mass scale [TeV]10−1 1

√
s = 7, 8 TeV

√
s = 13 TeV

ATLAS SUSY Searches* - 95% CL Lower Limits
December 2017

ATLAS Preliminary
√

s = 7, 8, 13 TeV

*Only a selection of the available mass limits on new states or
phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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MSUGRA/CMSSM 0-3 e, µ /1-2 τ 2-10 jets/3 b Yes 20.3 m(q̃)=m(g̃) 1507.055251.85 TeVq̃, g̃

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 13.3 m(χ̃

0
1)<200 GeV, m(1st gen. q̃)=m(2nd gen. q̃) ATLAS-CONF-2016-0781.35 TeVq̃

q̃q̃, q̃→qχ̃
0
1 (compressed) mono-jet 1-3 jets Yes 3.2 m(q̃)-m(χ̃

0
1)<5 GeV 1604.07773608 GeVq̃

g̃g̃, g̃→qq̄χ̃
0
1 0 2-6 jets Yes 13.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2016-0781.86 TeVg̃

g̃g̃, g̃→qqχ̃
±
1→qqW±χ̃

0
1 0 2-6 jets Yes 13.3 m(χ̃

0
1)<400 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1)+m(g̃)) ATLAS-CONF-2016-0781.83 TeVg̃

g̃g̃, g̃→qq(ℓℓ/νν)χ̃
0
1

3 e, µ 4 jets - 13.2 m(χ̃
0
1)<400 GeV ATLAS-CONF-2016-0371.7 TeVg̃

g̃g̃, g̃→qqWZχ̃
0
1

2 e, µ (SS) 0-3 jets Yes 13.2 m(χ̃
0
1) <500 GeV ATLAS-CONF-2016-0371.6 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ + 0-1 ℓ 0-2 jets Yes 3.2 1607.059792.0 TeVg̃

GGM (bino NLSP) 2 γ - Yes 3.2 cτ(NLSP)<0.1 mm 1606.091501.65 TeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 20.3 m(χ̃
0
1)<950 GeV, cτ(NLSP)<0.1 mm, µ<0 1507.054931.37 TeVg̃

GGM (higgsino-bino NLSP) γ 2 jets Yes 13.3 m(χ̃
0
1)>680 GeV, cτ(NLSP)<0.1 mm, µ>0 ATLAS-CONF-2016-0661.8 TeVg̃

GGM (higgsino NLSP) 2 e, µ (Z) 2 jets Yes 20.3 m(NLSP)>430 GeV 1503.03290900 GeVg̃

Gravitino LSP 0 mono-jet Yes 20.3 m(G̃)>1.8 × 10−4 eV, m(g̃)=m(q̃)=1.5 TeV 1502.01518865 GeVF1/2 scale

g̃g̃, g̃→bb̄χ̃
0
1 0 3 b Yes 14.8 m(χ̃

0
1)=0 GeV ATLAS-CONF-2016-0521.89 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Yes 14.8 m(χ̃
0
1)=0 GeV ATLAS-CONF-2016-0521.89 TeVg̃

g̃g̃, g̃→bt̄χ̃
+

1 0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<300 GeV 1407.06001.37 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 3.2 m(χ̃

0
1)<100 GeV 1606.08772840 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e, µ (SS) 1 b Yes 13.2 m(χ̃

0
1)<150 GeV, m(χ̃

±
1 )= m(χ̃

0
1)+100 GeV ATLAS-CONF-2016-037325-685 GeVb̃1

t̃1 t̃1, t̃1→bχ̃
±
1 0-2 e, µ 1-2 b Yes 4.7/13.3 m(χ̃

±
1 ) = 2m(χ̃

0
1), m(χ̃

0
1)=55 GeV 1209.2102, ATLAS-CONF-2016-077117-170 GeVt̃1 200-720 GeVt̃1

t̃1 t̃1, t̃1→Wbχ̃
0
1 or tχ̃

0
1

0-2 e, µ 0-2 jets/1-2 b Yes 4.7/13.3 m(χ̃
0
1)=1 GeV 1506.08616, ATLAS-CONF-2016-07790-198 GeVt̃1 205-850 GeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet Yes 3.2 m(t̃1)-m(χ̃

0
1)=5 GeV 1604.0777390-323 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)>150 GeV 1403.5222150-600 GeVt̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z) 1 b Yes 13.3 m(χ̃
0
1)<300 GeV ATLAS-CONF-2016-038290-700 GeVt̃2

t̃2 t̃2, t̃2→t̃1 + h 1 e, µ 6 jets + 2 b Yes 20.3 m(χ̃
0
1)=0 GeV 1506.08616320-620 GeVt̃2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1 2 e, µ 0 Yes 20.3 m(χ̃

0
1)=0 GeV 1403.529490-335 GeVℓ̃

χ̃+
1
χ̃−

1 , χ̃
+

1→ℓ̃ν(ℓν̃) 2 e, µ 0 Yes 13.3 m(χ̃
0
1)=0 GeV, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2016-096640 GeVχ̃±

1

χ̃+
1
χ̃−

1 , χ̃
+

1→τ̃ν(τν̃) 2 τ - Yes 14.8 m(χ̃
0
1)=0 GeV, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) ATLAS-CONF-2016-093580 GeVχ̃±

1

χ̃±
1
χ̃0

2→ℓ̃Lνℓ̃Lℓ(ν̃ν), ℓν̃ℓ̃Lℓ(ν̃ν) 3 e, µ 0 Yes 13.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2016-0961.0 TeVχ̃±

1 , χ̃
0

2

χ̃±
1
χ̃0

2→Wχ̃
0
1Zχ̃

0
1

2-3 e, µ 0-2 jets Yes 20.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, ℓ̃ decoupled 1403.5294, 1402.7029425 GeVχ̃±

1 , χ̃
0

2

χ̃±
1
χ̃0

2→Wχ̃
0
1h χ̃

0
1, h→bb̄/WW/ττ/γγ e, µ, γ 0-2 b Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, ℓ̃ decoupled 1501.07110270 GeVχ̃±

1 , χ̃
0

2

χ̃0
2
χ̃0

3, χ̃
0
2,3 →ℓ̃Rℓ 4 e, µ 0 Yes 20.3 m(χ̃

0
2)=m(χ̃

0
3), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

0
2)+m(χ̃

0
1)) 1405.5086635 GeVχ̃0

2,3

GGM (wino NLSP) weak prod. 1 e, µ + γ - Yes 20.3 cτ<1 mm 1507.05493115-370 GeVW̃

GGM (bino NLSP) weak prod. 2 γ - Yes 20.3 cτ<1 mm 1507.05493590 GeVW̃

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 Disapp. trk 1 jet Yes 20.3 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )=0.2 ns 1310.3675270 GeVχ̃±

1

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 dE/dx trk - Yes 18.4 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )<15 ns 1506.05332495 GeVχ̃±

1

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 27.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s 1310.6584850 GeVg̃

Stable g̃ R-hadron trk - - 3.2 1606.051291.58 TeVg̃

Metastable g̃ R-hadron dE/dx trk - - 3.2 m(χ̃
0
1)=100 GeV, τ>10 ns 1604.045201.57 TeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 19.1 10<tanβ<50 1411.6795537 GeVχ̃0

1

GMSB, χ̃
0
1→γG̃, long-lived χ̃

0
1

2 γ - Yes 20.3 1<τ(χ̃
0
1)<3 ns, SPS8 model 1409.5542440 GeVχ̃0

1

g̃g̃, χ̃
0
1→eeν/eµν/µµν displ. ee/eµ/µµ - - 20.3 7 <cτ(χ̃

0
1)< 740 mm, m(g̃)=1.3 TeV 1504.051621.0 TeVχ̃0

1

GGM g̃g̃, χ̃
0
1→ZG̃ displ. vtx + jets - - 20.3 6 <cτ(χ̃

0
1)< 480 mm, m(g̃)=1.1 TeV 1504.051621.0 TeVχ̃0

1

LFV pp→ν̃τ + X, ν̃τ→eµ/eτ/µτ eµ,eτ,µτ - - 3.2 λ′311=0.11, λ132/133/233=0.07 1607.080791.9 TeVν̃τ

Bilinear RPV CMSSM 2 e, µ (SS) 0-3 b Yes 20.3 m(q̃)=m(g̃), cτLS P<1 mm 1404.25001.45 TeVq̃, g̃

χ̃+
1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→eeν, eµν, µµν 4 e, µ - Yes 13.3 m(χ̃

0
1)>400GeV, λ12k!0 (k = 1, 2) ATLAS-CONF-2016-0751.14 TeVχ̃±

1

χ̃+
1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→ττνe, eτντ 3 e, µ + τ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ133!0 1405.5086450 GeVχ̃±

1

g̃g̃, g̃→qqq 0 4-5 large-R jets - 14.8 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2016-0571.08 TeVg̃

g̃g̃, g̃→qqχ̃
0
1, χ̃

0
1 → qqq 0 4-5 large-R jets - 14.8 m(χ̃

0
1)=800 GeV ATLAS-CONF-2016-0571.55 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1, χ̃

0
1 → qqq 1 e, µ 8-10 jets/0-4 b - 14.8 m(χ̃

0
1)=700 GeV ATLAS-CONF-2016-0941.75 TeVg̃

g̃g̃, g̃→t̃1t, t̃1→bs 1 e, µ 8-10 jets/0-4 b - 14.8 625 GeV<m(t̃1)<850 GeV ATLAS-CONF-2016-0941.4 TeVg̃

t̃1 t̃1, t̃1→bs 0 2 jets + 2 b - 15.4 ATLAS-CONF-2016-022, ATLAS-CONF-2016-084410 GeVt̃1 450-510 GeVt̃1

t̃1 t̃1, t̃1→bℓ 2 e, µ 2 b - 20.3 BR(t̃1→be/µ)>20% ATLAS-CONF-2015-0150.4-1.0 TeVt̃1

Scalar charm, c̃→cχ̃
0
1 0 2 c Yes 20.3 m(χ̃

0
1)<200 GeV 1501.01325510 GeVc̃

Mass scale [TeV]10−1 1

√
s = 7, 8 TeV

√
s = 13 TeV

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: August 2016

ATLAS Preliminary
√

s = 7, 8, 13 TeV

*Only a selection of the available mass limits on new
states or phenomena is shown.
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Other

MSUGRA/CMSSM 0-3 e, µ /1-2 τ 2-10 jets/3 b Yes 20.3 m(q̃)=m(g̃) 1507.055251.85 TeVq̃, g̃

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 13.3 m(χ̃

0
1)<200 GeV, m(1st gen. q̃)=m(2nd gen. q̃) ATLAS-CONF-2016-0781.35 TeVq̃

q̃q̃, q̃→qχ̃
0
1 (compressed) mono-jet 1-3 jets Yes 3.2 m(q̃)-m(χ̃

0
1)<5 GeV 1604.07773608 GeVq̃

g̃g̃, g̃→qq̄χ̃
0
1 0 2-6 jets Yes 13.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2016-0781.86 TeVg̃

g̃g̃, g̃→qqχ̃
±
1→qqW±χ̃

0
1 0 2-6 jets Yes 13.3 m(χ̃

0
1)<400 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1)+m(g̃)) ATLAS-CONF-2016-0781.83 TeVg̃

g̃g̃, g̃→qq(ℓℓ/νν)χ̃
0
1

3 e, µ 4 jets - 13.2 m(χ̃
0
1)<400 GeV ATLAS-CONF-2016-0371.7 TeVg̃

g̃g̃, g̃→qqWZχ̃
0
1

2 e, µ (SS) 0-3 jets Yes 13.2 m(χ̃
0
1) <500 GeV ATLAS-CONF-2016-0371.6 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ + 0-1 ℓ 0-2 jets Yes 3.2 1607.059792.0 TeVg̃

GGM (bino NLSP) 2 γ - Yes 3.2 cτ(NLSP)<0.1 mm 1606.091501.65 TeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 20.3 m(χ̃
0
1)<950 GeV, cτ(NLSP)<0.1 mm, µ<0 1507.054931.37 TeVg̃

GGM (higgsino-bino NLSP) γ 2 jets Yes 13.3 m(χ̃
0
1)>680 GeV, cτ(NLSP)<0.1 mm, µ>0 ATLAS-CONF-2016-0661.8 TeVg̃

GGM (higgsino NLSP) 2 e, µ (Z) 2 jets Yes 20.3 m(NLSP)>430 GeV 1503.03290900 GeVg̃

Gravitino LSP 0 mono-jet Yes 20.3 m(G̃)>1.8 × 10−4 eV, m(g̃)=m(q̃)=1.5 TeV 1502.01518865 GeVF1/2 scale

g̃g̃, g̃→bb̄χ̃
0
1 0 3 b Yes 14.8 m(χ̃

0
1)=0 GeV ATLAS-CONF-2016-0521.89 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Yes 14.8 m(χ̃
0
1)=0 GeV ATLAS-CONF-2016-0521.89 TeVg̃

g̃g̃, g̃→bt̄χ̃
+

1 0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<300 GeV 1407.06001.37 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 3.2 m(χ̃

0
1)<100 GeV 1606.08772840 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e, µ (SS) 1 b Yes 13.2 m(χ̃

0
1)<150 GeV, m(χ̃

±
1 )= m(χ̃

0
1)+100 GeV ATLAS-CONF-2016-037325-685 GeVb̃1

t̃1 t̃1, t̃1→bχ̃
±
1 0-2 e, µ 1-2 b Yes 4.7/13.3 m(χ̃

±
1 ) = 2m(χ̃

0
1), m(χ̃

0
1)=55 GeV 1209.2102, ATLAS-CONF-2016-077117-170 GeVt̃1 200-720 GeVt̃1

t̃1 t̃1, t̃1→Wbχ̃
0
1 or tχ̃

0
1

0-2 e, µ 0-2 jets/1-2 b Yes 4.7/13.3 m(χ̃
0
1)=1 GeV 1506.08616, ATLAS-CONF-2016-07790-198 GeVt̃1 205-850 GeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet Yes 3.2 m(t̃1)-m(χ̃

0
1)=5 GeV 1604.0777390-323 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)>150 GeV 1403.5222150-600 GeVt̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z) 1 b Yes 13.3 m(χ̃
0
1)<300 GeV ATLAS-CONF-2016-038290-700 GeVt̃2

t̃2 t̃2, t̃2→t̃1 + h 1 e, µ 6 jets + 2 b Yes 20.3 m(χ̃
0
1)=0 GeV 1506.08616320-620 GeVt̃2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1 2 e, µ 0 Yes 20.3 m(χ̃

0
1)=0 GeV 1403.529490-335 GeVℓ̃

χ̃+
1
χ̃−

1 , χ̃
+

1→ℓ̃ν(ℓν̃) 2 e, µ 0 Yes 13.3 m(χ̃
0
1)=0 GeV, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2016-096640 GeVχ̃±

1

χ̃+
1
χ̃−

1 , χ̃
+

1→τ̃ν(τν̃) 2 τ - Yes 14.8 m(χ̃
0
1)=0 GeV, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) ATLAS-CONF-2016-093580 GeVχ̃±

1

χ̃±
1
χ̃0

2→ℓ̃Lνℓ̃Lℓ(ν̃ν), ℓν̃ℓ̃Lℓ(ν̃ν) 3 e, µ 0 Yes 13.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2016-0961.0 TeVχ̃±

1 , χ̃
0

2

χ̃±
1
χ̃0

2→Wχ̃
0
1Zχ̃

0
1

2-3 e, µ 0-2 jets Yes 20.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, ℓ̃ decoupled 1403.5294, 1402.7029425 GeVχ̃±

1 , χ̃
0

2

χ̃±
1
χ̃0

2→Wχ̃
0
1h χ̃

0
1, h→bb̄/WW/ττ/γγ e, µ, γ 0-2 b Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, ℓ̃ decoupled 1501.07110270 GeVχ̃±

1 , χ̃
0

2

χ̃0
2
χ̃0

3, χ̃
0
2,3 →ℓ̃Rℓ 4 e, µ 0 Yes 20.3 m(χ̃

0
2)=m(χ̃

0
3), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

0
2)+m(χ̃

0
1)) 1405.5086635 GeVχ̃0

2,3

GGM (wino NLSP) weak prod. 1 e, µ + γ - Yes 20.3 cτ<1 mm 1507.05493115-370 GeVW̃

GGM (bino NLSP) weak prod. 2 γ - Yes 20.3 cτ<1 mm 1507.05493590 GeVW̃

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 Disapp. trk 1 jet Yes 20.3 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )=0.2 ns 1310.3675270 GeVχ̃±

1

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 dE/dx trk - Yes 18.4 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )<15 ns 1506.05332495 GeVχ̃±

1

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 27.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s 1310.6584850 GeVg̃

Stable g̃ R-hadron trk - - 3.2 1606.051291.58 TeVg̃

Metastable g̃ R-hadron dE/dx trk - - 3.2 m(χ̃
0
1)=100 GeV, τ>10 ns 1604.045201.57 TeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 19.1 10<tanβ<50 1411.6795537 GeVχ̃0

1

GMSB, χ̃
0
1→γG̃, long-lived χ̃

0
1

2 γ - Yes 20.3 1<τ(χ̃
0
1)<3 ns, SPS8 model 1409.5542440 GeVχ̃0

1

g̃g̃, χ̃
0
1→eeν/eµν/µµν displ. ee/eµ/µµ - - 20.3 7 <cτ(χ̃

0
1)< 740 mm, m(g̃)=1.3 TeV 1504.051621.0 TeVχ̃0

1

GGM g̃g̃, χ̃
0
1→ZG̃ displ. vtx + jets - - 20.3 6 <cτ(χ̃

0
1)< 480 mm, m(g̃)=1.1 TeV 1504.051621.0 TeVχ̃0

1

LFV pp→ν̃τ + X, ν̃τ→eµ/eτ/µτ eµ,eτ,µτ - - 3.2 λ′311=0.11, λ132/133/233=0.07 1607.080791.9 TeVν̃τ

Bilinear RPV CMSSM 2 e, µ (SS) 0-3 b Yes 20.3 m(q̃)=m(g̃), cτLS P<1 mm 1404.25001.45 TeVq̃, g̃

χ̃+
1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→eeν, eµν, µµν 4 e, µ - Yes 13.3 m(χ̃

0
1)>400GeV, λ12k!0 (k = 1, 2) ATLAS-CONF-2016-0751.14 TeVχ̃±

1

χ̃+
1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→ττνe, eτντ 3 e, µ + τ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ133!0 1405.5086450 GeVχ̃±

1

g̃g̃, g̃→qqq 0 4-5 large-R jets - 14.8 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2016-0571.08 TeVg̃

g̃g̃, g̃→qqχ̃
0
1, χ̃

0
1 → qqq 0 4-5 large-R jets - 14.8 m(χ̃

0
1)=800 GeV ATLAS-CONF-2016-0571.55 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1, χ̃

0
1 → qqq 1 e, µ 8-10 jets/0-4 b - 14.8 m(χ̃

0
1)=700 GeV ATLAS-CONF-2016-0941.75 TeVg̃

g̃g̃, g̃→t̃1t, t̃1→bs 1 e, µ 8-10 jets/0-4 b - 14.8 625 GeV<m(t̃1)<850 GeV ATLAS-CONF-2016-0941.4 TeVg̃

t̃1 t̃1, t̃1→bs 0 2 jets + 2 b - 15.4 ATLAS-CONF-2016-022, ATLAS-CONF-2016-084410 GeVt̃1 450-510 GeVt̃1

t̃1 t̃1, t̃1→bℓ 2 e, µ 2 b - 20.3 BR(t̃1→be/µ)>20% ATLAS-CONF-2015-0150.4-1.0 TeVt̃1

Scalar charm, c̃→cχ̃
0
1 0 2 c Yes 20.3 m(χ̃

0
1)<200 GeV 1501.01325510 GeVc̃

Mass scale [TeV]10−1 1

√
s = 7, 8 TeV

√
s = 13 TeV

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: August 2016

ATLAS Preliminary
√

s = 7, 8, 13 TeV

*Only a selection of the available mass limits on new
states or phenomena is shown.
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•  Product of collaboration between theorists and experimentalists and 
many physicist-centuries of dedicated efforts
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soft ℓ+ℓ- + γ? [10]

jet + γ? [11]

soft 3ℓ?

soft 1ℓ?

•  New channels, variables, 
techniques

•  Improving soft lepton efficiency 
& background rejection

•  Reducing systematic 
uncertainties on fake leptons

•  Reducing thresholds using 
multi-object triggers

theory / exp. challenges:



Summary

•  We haven’t found SUSY (yet)

•  But we have some new ideas, updates, and improvements
–  Exploiting IBL for long-lived particles
–  Recursive Jigsaw Reconstruction for difficult regions of parameter space
–  Reduced lepton pT thresholds for compressed searches

•  And some interesting new territory to explore with them…
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Speaker Topic
Koichi Nagai all-hadronic squarks & gluinos
Tova Ray Holmes leptonic squarks & gluinos
Lawrence Lee RPV / long-lived squarks & gluinos
Francesca Ungaro RPV / long-lived stops
Sara Kristina Strandberg stops and sbottoms
Antonio Miucci stops with τ, Z, h
Ian Michael Snyder pMSSM
Christian Sander gauginos and sleptons
Joseph Reichert higgsinos
Alexander Mann GMSB
Kouta Onogi reconstruction techniques

ATLAS SUSY parallel talks
https://indico.tifr.res.in/indico/conferenceTimeTable.py?confId=5736

all ATLAS SUSY results are summarized at:
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults
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Search Final State Limits References

compressed higgsino LSPs soft e+e- / 𝜇+𝜇- + jet(s) + MET 𝜇 > 110 (130) GeV for 𝛥m( 𝜒2 , 𝜒1 ) = 3 (6) GeV SUSY-2016-25

compressed slepton NLSPs soft ℓ+ℓ- + jet(s) + MET mℓ > 100 (180) GeV for 𝛥m( ℓ , 𝜒1 ) = 2 (4) GeV 

GMSB higgsino NLSPs 4b + MET exclude 𝜇 between 130-230 GeV and 290-880 GeV                   between 130-230 GeV and 290-880 GeV                  
for BF( h➞ h G) = 1

ATLAS-CONF-2017-081

ultra-compressed higgsinos disappearing track + jet + MET exclude chargino masses up to 152 GeV ATL-PHYS-PUB-2017-019
(reinterpretation of               
ATLAS-CONF-2017-017)

GMSB with photons γ / γγ + MET max. reach up to 1.2 TeV charginos/neutralinos ATLAS-CONF-2017-080

stop➞stau 2ℓ + MET (+ jets) 1160 GeV ATLAS-CONF-2017-079

mono-jet jet + MET 𝜎SD ~ 10-43 cm2, mmediator ~ 1.6 TeV (axial-vector/vector) 1711.03301

DM+HF b-jets + MET mmediator ~ 1.1 TeV 1710.11412

RPV multijets ≥4 jets mgluino ~ 1.9 TeV SUSY-2016-22



ATLAS SUSY(-like) “Excesses”
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Search Significance Signal Region: Selection References

multi-b 2.5𝜎 SR-0L-HH: ≥3 b-jets, ≥6 jets, MET > 400 GeV, meff > 2.5 TeV 1711.01901

γ / γγ + MET 2.4𝜎 SRL200: ≥1γ, ≥5 jets, MET > 200 GeV, meff  > 2 TeV ATLAS-CONF-2017-80

SS 𝜇𝜇 + b-jets* ttH 𝜇sig = SS 2ℓ+1𝜏had + b-jets ATLAS-CONF-2017-77

𝛾 j

3.5−1.3
+1.7
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6 The Recursive Jigsaw Reconstruction technique

The Recusive Jigsaw Reconstruction (RJR) technique [12, 13] is a method for defining kinematic vari-
ables on an event-by-event level. While it is straightforward to fully describe an event’s underlying
kinematic features when all objects are fully reconstructed, events involving invisible weakly interacting
particles present a challenge, as the loss of information from escaping particles constrains the kinematic
variable construction to take place in the lab frame instead of the more physically natural frames of the
hypothesized decays. The RJR method partially mitigates this loss of information by determining ap-
proximations of the rest frames of intermediate particle states in each events. This reconconstructed view
of the event gives rise to a natural basis of kinematic observables, calculated by evaluating the momenta
and energy of di↵erent objects in these reference frames.
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Figure 2: (a) Inclusive strong sparticle production decay tree. Two sparticles (Pa and Pb) are non-resonantly pair-
produced with each decaying to one or more visible particles (Va and Vb) which are reconstructed in the detector, and
two systems of invisible particles (Ia and Ib) whose four-momenta are only partially constrained. (b) An additional
level of decays can be added when requiring more than two visible objects. This tree is particularly useful for the
search for gluino pair-production described in the text. (c) Strong sparticle production with ISR decay tree for use
with small mass-splitting spectra. A signal sparticle system S decaying to a set of visible momenta V and invisible
momentum I recoils o↵ of a jet radiation system ISR.

All jets with pjet
T > 50 GeV and |⌘jet| < 2.8 and the Emiss

T are used as input to the RJR algorithm. Motivated
by searches for strong production of sparticles in R-parity conserving models, a decay tree, shown in
Figure 2(a), is used in the analysis of events. Each event is evaluated as if two sparticles (the intermediate
states Pa and Pb) were produced and then decayed to the particles observed in our detector (the collections
Va and Vb). The benchmark signal models probed in this search give rise to signal events with at least two
weakly-interacting particles associated with two systems of particles (Ia and Ib), the respective children
of the initially produced sparticles.

This decay tree includes several kinematic and combinatoric unknowns. In the final state with no leptons,
the objects observed in the detector are exclusively jets and it is necessary to decide how to partition
these jets into the two groups Va and Vb in order to calculate the observables associated with the decay
tree. In this paper, the grouping that minimizes the masses of the four-vector sum of group constituents
is chosen.

More explicitly, the collection of reconstructed jet four-vectors, V ⌘ {pi} and their four-vector sum pV
are considered. Each of the four-momenta is evaluated in the rest-frame of pV (V-frame) and di↵erent

10
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(d) (e) (f) (g)

Figure 1: The decay topologies of (a,b,c) squark-pair production and (d, e, f, g) gluino-pair production in the sim-
plified models with (a) direct or (b,c) one-step decays of squarks and (d) direct or (e, f, g) one-step decays of
gluinos.

prescription [55]. In the case of W/Z+jets, the NNPDF3.0NNLO PDF set [56] is used, while for the
�+jets production the CT10 PDF set [57] is used, both in conjunction with dedicated parton shower-
tuning developed by the authors of Sherpa. The W/Z + jets events are normalized to their NNLO cross-
sections [58]. For the �+jets process the LO cross-section, taken directly from the SherpaMC generator,
is multiplied by a correction factor as described in Section 8.

For the generation of tt̄ and single-top processes in the Wt and s-channel [59], the Powheg-Box v2 [60]
generator is used with the CT10 PDF set. The electroweak (EV) t-channel single-top events are modelled
using the Powheg-Box v1 generator. This generator uses the four-flavour scheme for the NLO matrix-
element calculations together with the fixed four-flavour PDF set CT10f4 [57]. For these processes, the
decay of the top quark is simulated using MadSpin [61] preserving all spin correlations, while for all
processes the parton shower, fragmentation, and the underlying event are generated using Pythia 6.428
[62] with the CTEQ6L1 [63] PDF set and the corresponding Perugia 2012 tune (P2012) [64]. The top
quark mass is set to 172.5 GeV. The hdamp parameter, which controls the pT of the first additional emission
beyond the Born configuration, is set to the mass of the top quark. The main e↵ect of this parameter is
to regulate the high-pT emission against which the tt̄ system recoils [59]. The tt̄ events are normalized to
cross-sections calculated at NNLO+NNLL [65, 66] cross-section. The s- and t-channel single-top events
are normalized to the NLO cross-sections [67, 68], and the Wt-channel single-top events are normalized
to the NNLO+NNLL [69, 70]. Production of a top quark in association with a Z boson is generated
with the MG5_aMC@NLO 2.2.1 generator at LO with CTEQ6L1 PDF set. The same PDF set and the
corresponding P2012 tune is used for the parton shower, fragmentation, and the underlying event with
Pythia 6.428. The events are normalized to LO cross section by the generator.

For the generation of tt̄ + EW processes (tt̄+W/Z/WW) [71], the MG5_aMC@NLO 2.2.3 generator at LO
interfaced to the Pythia 8.186 parton-shower model is used, with up to two (tt̄+W, tt̄+Z(! ⌫⌫/qq)), one

5

•  Razor [1] → Super-Razor [2] → Recursive Jigsaw Reconstruction (RJR) [3]
•  Novel method for reconstructing final states assuming a specific decay chain
•  Perform recursive series of Lorentz boosts to transform between frames, using 

jigsaw rules to specify unknown degrees of freedom
•  Obtain complete set of useful variables diagonalized with physical observables: 

angles, energies, masses, etc
•  Code from Paul Jackson and Chris Rogan available at http://restframes.com/

[1] Rogan, “Kinematical variables towards new dynamics at the LHC”, arXiv:1006.2727 [hep-ph], CALT-68-2790
[2] Buckley, Lykken, Rogan, Spiropulu, “Super-razor and searches for sleptons and charginos at the LHC,” PRD 89 (2014) 055020
[3] Jackson, Rogan, Santoni, “Sparticles in Motion - getting to the line in compressed scenarios with the Recursive Jigsaw Reconstruction,” PRD95 (2017) 035031
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The Recusive Jigsaw Reconstruction (RJR) technique [12, 13] is a method for defining kinematic vari-
ables on an event-by-event level. While it is straightforward to fully describe an event’s underlying
kinematic features when all objects are fully reconstructed, events involving invisible weakly interacting
particles present a challenge, as the loss of information from escaping particles constrains the kinematic
variable construction to take place in the lab frame instead of the more physically natural frames of the
hypothesized decays. The RJR method partially mitigates this loss of information by determining ap-
proximations of the rest frames of intermediate particle states in each events. This reconconstructed view
of the event gives rise to a natural basis of kinematic observables, calculated by evaluating the momenta
and energy of di↵erent objects in these reference frames.
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Figure 2: (a) Inclusive strong sparticle production decay tree. Two sparticles (Pa and Pb) are non-resonantly pair-
produced with each decaying to one or more visible particles (Va and Vb) which are reconstructed in the detector, and
two systems of invisible particles (Ia and Ib) whose four-momenta are only partially constrained. (b) An additional
level of decays can be added when requiring more than two visible objects. This tree is particularly useful for the
search for gluino pair-production described in the text. (c) Strong sparticle production with ISR decay tree for use
with small mass-splitting spectra. A signal sparticle system S decaying to a set of visible momenta V and invisible
momentum I recoils o↵ of a jet radiation system ISR.

All jets with pjet
T > 50 GeV and |⌘jet| < 2.8 and the Emiss

T are used as input to the RJR algorithm. Motivated
by searches for strong production of sparticles in R-parity conserving models, a decay tree, shown in
Figure 2(a), is used in the analysis of events. Each event is evaluated as if two sparticles (the intermediate
states Pa and Pb) were produced and then decayed to the particles observed in our detector (the collections
Va and Vb). The benchmark signal models probed in this search give rise to signal events with at least two
weakly-interacting particles associated with two systems of particles (Ia and Ib), the respective children
of the initially produced sparticles.

This decay tree includes several kinematic and combinatoric unknowns. In the final state with no leptons,
the objects observed in the detector are exclusively jets and it is necessary to decide how to partition
these jets into the two groups Va and Vb in order to calculate the observables associated with the decay
tree. In this paper, the grouping that minimizes the masses of the four-vector sum of group constituents
is chosen.

More explicitly, the collection of reconstructed jet four-vectors, V ⌘ {pi} and their four-vector sum pV
are considered. Each of the four-momenta is evaluated in the rest-frame of pV (V-frame) and di↵erent
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6 The Recursive Jigsaw Reconstruction technique

The Recusive Jigsaw Reconstruction (RJR) technique [12, 13] is a method for defining kinematic vari-
ables on an event-by-event level. While it is straightforward to fully describe an event’s underlying
kinematic features when all objects are fully reconstructed, events involving invisible weakly interacting
particles present a challenge, as the loss of information from escaping particles constrains the kinematic
variable construction to take place in the lab frame instead of the more physically natural frames of the
hypothesized decays. The RJR method partially mitigates this loss of information by determining ap-
proximations of the rest frames of intermediate particle states in each events. This reconconstructed view
of the event gives rise to a natural basis of kinematic observables, calculated by evaluating the momenta
and energy of di↵erent objects in these reference frames.
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level of decays can be added when requiring more than two visible objects. This tree is particularly useful for the
search for gluino pair-production described in the text. (c) Strong sparticle production with ISR decay tree for use
with small mass-splitting spectra. A signal sparticle system S decaying to a set of visible momenta V and invisible
momentum I recoils o↵ of a jet radiation system ISR.

All jets with pjet
T > 50 GeV and |⌘jet| < 2.8 and the Emiss

T are used as input to the RJR algorithm. Motivated
by searches for strong production of sparticles in R-parity conserving models, a decay tree, shown in
Figure 2(a), is used in the analysis of events. Each event is evaluated as if two sparticles (the intermediate
states Pa and Pb) were produced and then decayed to the particles observed in our detector (the collections
Va and Vb). The benchmark signal models probed in this search give rise to signal events with at least two
weakly-interacting particles associated with two systems of particles (Ia and Ib), the respective children
of the initially produced sparticles.

This decay tree includes several kinematic and combinatoric unknowns. In the final state with no leptons,
the objects observed in the detector are exclusively jets and it is necessary to decide how to partition
these jets into the two groups Va and Vb in order to calculate the observables associated with the decay
tree. In this paper, the grouping that minimizes the masses of the four-vector sum of group constituents
is chosen.

More explicitly, the collection of reconstructed jet four-vectors, V ⌘ {pi} and their four-vector sum pV
are considered. Each of the four-momenta is evaluated in the rest-frame of pV (V-frame) and di↵erent
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weakly-interacting particles associated with two systems of particles (Ia and Ib), the respective children
of the initially produced sparticles.
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the objects observed in the detector are exclusively jets and it is necessary to decide how to partition
these jets into the two groups Va and Vb in order to calculate the observables associated with the decay
tree. In this paper, the grouping that minimizes the masses of the four-vector sum of group constituents
is chosen.

More explicitly, the collection of reconstructed jet four-vectors, V ⌘ {pi} and their four-vector sum pV
are considered. Each of the four-momenta is evaluated in the rest-frame of pV (V-frame) and di↵erent
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Figure 1: The decay topologies of (a,b,c) squark-pair production and (d, e, f, g) gluino-pair production in the sim-
plified models with (a) direct or (b,c) one-step decays of squarks and (d) direct or (e, f, g) one-step decays of
gluinos.

prescription [55]. In the case of W/Z+jets, the NNPDF3.0NNLO PDF set [56] is used, while for the
�+jets production the CT10 PDF set [57] is used, both in conjunction with dedicated parton shower-
tuning developed by the authors of Sherpa. The W/Z + jets events are normalized to their NNLO cross-
sections [58]. For the �+jets process the LO cross-section, taken directly from the SherpaMC generator,
is multiplied by a correction factor as described in Section 8.

For the generation of tt̄ and single-top processes in the Wt and s-channel [59], the Powheg-Box v2 [60]
generator is used with the CT10 PDF set. The electroweak (EV) t-channel single-top events are modelled
using the Powheg-Box v1 generator. This generator uses the four-flavour scheme for the NLO matrix-
element calculations together with the fixed four-flavour PDF set CT10f4 [57]. For these processes, the
decay of the top quark is simulated using MadSpin [61] preserving all spin correlations, while for all
processes the parton shower, fragmentation, and the underlying event are generated using Pythia 6.428
[62] with the CTEQ6L1 [63] PDF set and the corresponding Perugia 2012 tune (P2012) [64]. The top
quark mass is set to 172.5 GeV. The hdamp parameter, which controls the pT of the first additional emission
beyond the Born configuration, is set to the mass of the top quark. The main e↵ect of this parameter is
to regulate the high-pT emission against which the tt̄ system recoils [59]. The tt̄ events are normalized to
cross-sections calculated at NNLO+NNLL [65, 66] cross-section. The s- and t-channel single-top events
are normalized to the NLO cross-sections [67, 68], and the Wt-channel single-top events are normalized
to the NNLO+NNLL [69, 70]. Production of a top quark in association with a Z boson is generated
with the MG5_aMC@NLO 2.2.1 generator at LO with CTEQ6L1 PDF set. The same PDF set and the
corresponding P2012 tune is used for the parton shower, fragmentation, and the underlying event with
Pythia 6.428. The events are normalized to LO cross section by the generator.

For the generation of tt̄ + EW processes (tt̄+W/Z/WW) [71], the MG5_aMC@NLO 2.2.3 generator at LO
interfaced to the Pythia 8.186 parton-shower model is used, with up to two (tt̄+W, tt̄+Z(! ⌫⌫/qq)), one
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ISR jet

MCM = MISR + pISR
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•  Need to separate jets from SUSY decays 
(V) from recoil system (ISR)

•  Apply jigsaw rule based on minimization of 
masses in estimated CM frame:

Jackson, Rogan, Santoni, PRD95 (2017) 035031
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•  Need to separate jets from SUSY decays 
(V) from recoil system (ISR)

•  Apply jigsaw rule based on minimization of 
masses in estimated CM frame:

•  Reconstruct S vs. B discriminants in CM 
frame, e.g.:

•  Exploit different correlations for S vs. B
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2

masses their weakly interacting daughters (�̃0). An ex-
perimental search for instances of these events can be dif-
ficult if the mass-splitting between these sparticle states,
mP̃�m�̃0 , is small, as the momenta of each parent sparti-
cle’s decay products (both visible and invisible) will not
receive a large amount of momentum in their produc-
tion. If the mass-splitting scale in sparticle production is
to that of SM background processes then disentangling
the two is challenging.

In this case, it is not the mass-splitting scale which is
distinctive from backgrounds, but rather, the potentially
large absolute mass-scale of weakly-interacting particles
in these events. While we cannot measure these masses
from only the measurement of missing transverse mo-
mentum ( 6 ~ET ), as it only represents the sum momentum
of escaping particles, we can gain indirect sensitivity by
observing their reaction to a probing force. The labora-
tory of a hadron collider naturally provides such a probe:
strong initial state radiation from interacting partons can
provide large momentum to the sparticles produced in
these reactions, in turn endowing their decay products
with this momentum. In the limit where the LSPs re-
ceive no momentum from their parents’ decays, the 6 ~ET
results solely from the recoil against ISR, and the follow-
ing approximation holds:

6 ~ET ⇠ �~p ISR
T ⇥ m�̃

mP̃

, (1)

where ~p ISR
T is the total ISR system transverse momen-

tum.
Recent studies of searches for compressed SUSY sig-

nals in the literature have suggested exploiting this fea-
ture. In these analyses, a kinematic selection is used to
isolate events where a single, hard ISR jet recoils approx-
imately opposite 6 ~ET in the event transverse plane. One
can then use various reconstructed proxies of the quantity
| 6 ~ET |/|~p ISR

T |, such as | 6 ~ET |/p lead jet
T or | 6 ~ET |/

p
HT , as ob-

servables sensitive to the presence of massive LSPs [6, 7].
Alternatively, using assumed knowledge of the sparticle
mass-splittings, one can attempt to sort non-ISR jets
from radiative ones using, for example, the sum of jet
energies in each class and multiplicities as discriminat-
ing observables [8]. While these approaches all benefit
from the above feature, they are limited to the sub-set
of events where the momentum of the ISR system is car-
ried predominantly by a single jet. For less restrictive
event selections, the suggested observables become pro-
gressively less accurate estimators of | 6 ~ET |/|~p ISR

T | and,
correspondingly, less sensitive to the kinematic correla-
tion between radiated jets and missing momentum.

We propose a di↵erent approach to an ISR-assisted
search for compressed signals, both generalizing to cases
where momentum can be shared democratically among
many radiated jets and attempting to more accurately re-
construct the quantity | 6 ~ET |/|~p ISR

T |. Using the technique
of Recursive Jigsaw Reconstruction [9], a “decay tree” is
imposed on the analysis of each event, chosen to capture

the kinematic features specific to the signal topology un-
der study. The decay tree both specifies the systems of
relevant reconstructed objects and the reference frames
corresponding to each intermediate combination of them.
The analysis of each event proceeds by assigning recon-
structed objects to their appropriate places in the decay
tree, determining the relative velocities relating each ref-
erence frame, and calculating kinematic observables from
the resulting event abstraction. The simplified decay tree
for generic compressed scenarios is shown in Figure 1.

LAB

CM

ISR S
V I

Lab State

Decay States

Visible States

Invisible States

FIG. 1. A simplified decay tree diagram for analyzing com-
pressed signal topologies in events with an ISR system.

In this decay tree, each reconstructed object hypoth-
esized to come from the decay of sparticles in the event
is assigned to the “V” system, while those identified as
initial state radiation are associated with “ISR”. With
the missing momentum reconstructed in each event in-
terpreted as the system “I”, the total sparticle system
(“S”) and center-of-mass system of the whole reaction
(“CM”) are defined as the sum of their constituents.
With the four-vectors of each element of the decay tree
specified, an estimator of the quantity | 6 ~ET |/|~p ISR

T |, RISR,
is calculated as:

RISR ⌘ |~p CM
I,T · p̂ CM

ISR,T |
|~p CM

ISR,T |
, (2)

where subscripts indicate the system and superscripts the
reference frame the momentum is evaluated in. As the
concept of “transverse” is a frame-dependent construc-
tion in the laboratory frame, we employ the convention
where the boost relating a specific reference frame to the
laboratory is decomposed into a component parallel to
the beam-line and a subsequent transverse portion. The
transverse plane in a reference frame is then defined as
that perpendicular to longitudinal velocity of the trans-
formation.
In order to elucidate the behavior of RISR, we con-

sider the example of neutralino (�̃0
2) pair-production at a

~ ET
miss

pT
ISR ~

m !χ
m !q

4

group objects together which are nearby in phase-space,
e↵ectively minimizing the reconstructed masses of the S
and ISR systems. Specifically, we employ an exclusively
transverse view of each event, ignoring the longitudinal
momenta of all the reconstructed objects. The mass of
the I system is approximated to be zero, with transverse
momenta in the laboratory frame set equal to 6 ~ET . The
total (transverse) mass of the CM system can then be
expressed as

MCM =
q

M2
ISR +

�
p CM
ISR

�2
+

q
M2

S +
�
p CM
S

�2
, (4)

with p CM
S and p CM

ISR the (equal) magnitudes of the mo-
mentum of the S and ISR systems, respectively, eval-
uated in the CM frame, and dependent on our choice
of combinatoric assignment of objects. As MCM does
not depend on this assignment, we e↵ectively minimize
MS andMISR simultaneously by maximizing p CM

ISR/S over
each potential partitioning of indistinguishable objects
into either the V or ISR systems. Qualitatively, this is
similar to treating the 6 ~ET as another reconstructed ob-
ject and performing an exclusive jet-clustering, using the
transverse mass as a distance metric.

While this approach does not distinguish between ISR
and sparticle jets with perfect e�ciency, it does provide a
unique, deterministic assignment of objects to our com-
pressed decay tree. Furthermore, in addition to RISR,
we can extract an entire collection of complementary ob-
servables from this event interpretation, chosen to further
discriminate between putative compressed sparticle sig-
nals and SM backgrounds. These observables include:

• p CM
ISR,T : the magnitude of the the vector-sum trans-

verse momentum of all ISR associated jets, evalu-
ated in the CM frame

• MS
T : the transverse mass of the S (V+ I) system.

• NV
jet: the number of jets assigned to the V system

(i.e. not associated with the ISR system)

• ��ISR,I: the opening angle between the ISR sys-
tem and the I system, evaluated in the CM frame.

To demonstrate the e�cacy of a search analysis based
on this set of observables, we examine perhaps the
most di�cult analysis scenario: sparticles expected to
decay exclusively to jets and weakly interacting parti-
cles. Specifically, we study the phenomenology of pair-
produced squarks and gluinos decaying to quarks and
LSPs (q̃q̃ ! (q�̃0)(q�̃0) and g̃g̃ ! (qq�̃0)(qq�̃0)). Sim-
ulated Monte Carlo (MC) samples of SM backgrounds
and SUSY signals are used to construct the expected
distributions of these observables for various processes.
We utilize background samples from elsewhere [11]. For
these samples, event generation is performed with Mad-
graph 5 [12], along with parton shower and hadronization
with Pythia 6 [13]. This is followed by a detailed detector
simulation and description of pile-up with Delphes 3 [14].

A detector parameterization is used which incorporates
the performance of the existing ATLAS [15] and CMS [16]
detectors. Each of the SM processes which are expected
to constitute the largest backgrounds are considered.
The simulation procedure involves generation of events
at leading order in bins of the scalar sum of the recoil
jet pT (HT ), with jet-parton matching and corrections
for next-to-leading order (NLO) contributions. Further
details can be found elsewhere [17].
Similarly, squark and gluino signal samples are pro-

duced, mimicking the procedure employed to create back-
ground samples. The gluinos are considered to de-
cay via g̃ ! qq�̃0

1 and the squarks via q̃ ! q�̃0
1, in

what are akin to simplified models, where the branch-
ing fractions are assumed to be 100% and the masses
of other non-contributing super-partners are e↵ectively
decoupled. We simulate samples with squark masses be-
tween 400 and 1000 GeV, and gluino masses from 600 to
1400 GeV. The �̃0

1 mass is set to be either 25, 50, 100,
or 200 GeV below the parent sparticle mass, covering a
dynamic range of compressed scenarios. To study the
potential impact of this approach on analyses being per-
formed at the LHC experiments, we normalize all back-
ground and signal samples to an integrated luminosity
of 100 fb�1, such that the estimated sensitivities shown
herein should be accessible during run 2 of the LHC.
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FIG. 3. Distribution of p CM
ISR,T for events that have passed

the preselection requirements in Table I. A high pT jet system,
identified with ISR, is required to build the decay tree.

The distributions of the p CM
ISR,T for SM backgrounds

and signal MC processes, with di↵erent parent sparticle
masses and mass-splittings, are shown in Figure 3. We
observe that, prior to the application of any other se-
lection criteria, prospective signals have small expected
event yields relative to SM backgrounds for lower val-
ues of p CM

ISR,T . However, as the slope of the p CM
ISR,T dis-

tribution is less severe for these signals, the signal-to-
background ratio becomes more favorable with increasing
values. In the following, we consider only those events
with p CM

ISR,T � 800 GeV, not only taking advantage of
the moderate discrimination provided by this observable,
but also benefitting from the e↵ect that this requirement

= vector sum pT of ISR jets

5

has on other, correlated, variables. The most striking
example of this complementarity can be seen in the two-
dimensional distributions of p CM

ISR,T and RISR, shown in
Figure 4 for signal and backgrounds. Analogous to Fig-
ure 2, increasing p CM

ISR,T results in a narrowing of the

RISR distribution for compressed signals, while p CM
ISR,T

and RISR are strongly anti-correlated for backgrounds.
Hence, progressively stricter p CM

ISR,T requirements yield
improved RISR discrimination, with the optimal selection
for the latter depending on the signal characteristics, in
particular the ratio m�̃0/mP̃ .
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FIG. 4. Distribution of the p CM
ISR,T as a function of RISR for (from left to right) boson+jets and top+X backgrounds, gluino

and squark pair-production signal samples.

As is typical in searches for squarks and gluinos, se-
lection requirements based on reconstructed jet multi-
plicity can suppress contributions from backgrounds with
characteristically fewer jets, such as di-boson and vector-
boson + jets processes. Using the decay tree interpreta-
tion imposed on each event, the e�cacy of such require-
ments can be enhanced by taking into account the par-
titioning of jets between the V and ISR systems. While
the multiplicity of ISR-associated jets tends to be similar
between signals and backgrounds, the number of jets in
each event assigned to the V system, NV

jet, is a powerful
discriminant, as demonstrated in Figure 5. Increasing
mass-splittings between parent and daughter sparticles
result in, on average, larger NV

jet, with cuts on this ob-
servable suppressing vector boson + jets backgrounds in
particular.
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FIG. 5. The number of jets with minimum pT > 20 GeV
assigned to the V frame, NV

jet, after application of the p CM
ISR,T

and RISR selections described in Table I. Gluino signals tends
to have a larger NV

jet compared to SM backgrounds.

The complementarity of the NV
jet selection requirement

with RISR is illustrated in Figure 6, where the two-
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FIG. 6. Distribution of Number of jets with momentum
greater than 20 GeV, assigned to the Visible system ‘V’ as
a function of RISR for the boson+jets (upper left), di-boson
(upper right), top+X (lower left) and gluino signal (lower
right) samples.

dimensional distribution of NV
jet and RISR is plotted for

vector boson+jets, di-boson and top+X, to be compared
with a gluino signal with a mass-splitting of 100 GeV.
Notably, the large background contributions from bo-
son+jets and di-boson in the high RISR region occur at
NV

jet = 1. These processes include W ! ⌧⌫, where the
hadronically decaying ⌧ lepton is mis-identified as a jet,
and Z(! ⌫⌫̄) events with only one associated jet in the
V system. For gluino signals, a minimum of three jets
associated with the sparticle system is a favorable se-
lection, whereas cases where the mass-splitting is larger
tend to benefit from the imposition of an even tighter
requirement. A useful anti-correlation between RISR and
NV

jet can be exploited to define di↵erent signal regions,
benefitting from their interplay.

The distribution of the transverse mass of all the con-
stituents of the S system, MS

T , as a function of RISR,
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has on other, correlated, variables. The most striking
example of this complementarity can be seen in the two-
dimensional distributions of p CM

ISR,T and RISR, shown in
Figure 4 for signal and backgrounds. Analogous to Fig-
ure 2, increasing p CM

ISR,T results in a narrowing of the

RISR distribution for compressed signals, while p CM
ISR,T

and RISR are strongly anti-correlated for backgrounds.
Hence, progressively stricter p CM

ISR,T requirements yield
improved RISR discrimination, with the optimal selection
for the latter depending on the signal characteristics, in
particular the ratio m�̃0/mP̃ .
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ISR,T as a function of RISR for (from left to right) boson+jets and top+X backgrounds, gluino

and squark pair-production signal samples.

As is typical in searches for squarks and gluinos, se-
lection requirements based on reconstructed jet multi-
plicity can suppress contributions from backgrounds with
characteristically fewer jets, such as di-boson and vector-
boson + jets processes. Using the decay tree interpreta-
tion imposed on each event, the e�cacy of such require-
ments can be enhanced by taking into account the par-
titioning of jets between the V and ISR systems. While
the multiplicity of ISR-associated jets tends to be similar
between signals and backgrounds, the number of jets in
each event assigned to the V system, NV

jet, is a powerful
discriminant, as demonstrated in Figure 5. Increasing
mass-splittings between parent and daughter sparticles
result in, on average, larger NV

jet, with cuts on this ob-
servable suppressing vector boson + jets backgrounds in
particular.
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to have a larger NV

jet compared to SM backgrounds.
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jet selection requirement

with RISR is illustrated in Figure 6, where the two-
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FIG. 6. Distribution of Number of jets with momentum
greater than 20 GeV, assigned to the Visible system ‘V’ as
a function of RISR for the boson+jets (upper left), di-boson
(upper right), top+X (lower left) and gluino signal (lower
right) samples.

dimensional distribution of NV
jet and RISR is plotted for

vector boson+jets, di-boson and top+X, to be compared
with a gluino signal with a mass-splitting of 100 GeV.
Notably, the large background contributions from bo-
son+jets and di-boson in the high RISR region occur at
NV

jet = 1. These processes include W ! ⌧⌫, where the
hadronically decaying ⌧ lepton is mis-identified as a jet,
and Z(! ⌫⌫̄) events with only one associated jet in the
V system. For gluino signals, a minimum of three jets
associated with the sparticle system is a favorable se-
lection, whereas cases where the mass-splitting is larger
tend to benefit from the imposition of an even tighter
requirement. A useful anti-correlation between RISR and
NV

jet can be exploited to define di↵erent signal regions,
benefitting from their interplay.

The distribution of the transverse mass of all the con-
stituents of the S system, MS

T , as a function of RISR,

background (V+jets)

signal ( squark ➝ q LSP)
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•  Search for long-lived particles from:
–  Gluino decays with very massive quarks (e.g. split SUSY 

[1,2]), hidden valley models [3], RPV SUSY [4,5]

•  Signature:
–  Displaced vertex (R ~ 4-100 mm) with high track multiplicity 

(≥5) and mass (>10 GeV) + MET

•  Strategy (specialized algorithms):
–  Tracking: 2nd pass Large Radius Tracking [ATL-PHYS-PUB-2017-014]

–  Vertexing: find 2-track vertex seeds, merge, discard poorly 
associated tracks, require R < 30 cm and |z| < 30 cm

Displaced Vertex Search

Dec 15, 2017 SUSY17 44

[1] Arkani-Hamed and Dimopolous, JHEP 06 (2005) 073
[2] Guidice and Romanino, Nucl. Phys. B 699 (2004) 65
[3] Strassler and Zurek, PLB 651 (2007) 374

g̃

g̃

q̃⇤

q̃⇤

p

p

q

�̃0
1

q

q

�̃0
1

q

R [mm]
0 50 100 150 200 250 300

Ve
rte

x 
re

co
ns

tru
ct

io
n 

ef
fic

ie
nc

y

0

0.2

0.4

0.6

0.8

1

1.2
ATLAS Simulation

 = 13 TeVs

1
0
χ∼ qq→g~Split-SUSY Model, 

 = 1 nsτ = 100 GeV, 
1
0
χ∼

 = 1200 GeV, mg~-hadron: mR

Standard Tracking

Standard + LRT

ve
rte

xi
ng

 e
ffi

ci
en

cy

standard

large radius

vertex radius [mm]

[4] Barbieri et al., Phys. Rept. 420 (2005) 1
[5] Allanach et al., PRD75 (2007) 035002

In the absence of a statistically significant excess in the data, exclusion limits are placed on R-hadron
models. These 95% confidence-level (CL) upper limits are calculated following the CLs prescription [81]
with the profile likelihood used as the test statistic, using the HistFitter [82] framework with pseudo-
experiments. Upper limits on the cross section for gluino pair-production as a function of gluino lifetime
are shown in Figure 8 for example values of mg̃ and m�̃0

1
= 100 GeV. Also shown are the signal production

cross sections for these gluino masses. Reduced signal selection e�ciencies for low-�m samples result
in less stringent cross-section limits. For �m = 100 GeV, the limits are shown in Figure 9. Lower limits
on the gluino mass are also shown as a function of gluino lifetime in Figures 8 and 9. DV-level fiducial
volume and PV-distance requirements reduce the exclusion power in the high and low extremes of gluino
lifetime. Similarly, for a fixed gluino lifetime of ⌧ = 1 ns, 95% CL exclusion curves are shown as a
function of mg̃ and m�̃0

1
in Figure 10. For m�̃0

1
= 100 GeV, gluino masses are excluded below 2.29 TeV at

⌧ = 1 ns and below 2.37 TeV at around ⌧ = 0.17 ns.
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1
= 100 GeV. Horizontal lines denote the g̃g̃ production cross section for
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and PDF uncertainties. The lower limit on mg̃ for fixed m�̃0

1
= 100 GeV as a function of lifetime ⌧ is shown in (b).

The nominal expected and observed limit contours coincide due to the signal region yield’s high level of agreement
with expectation.
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In the on-shell regime, the models with mediator masses up to 1.55TeV are excluded for m� = 1GeV.
For m� < 1GeV, the monojet analysis maintains its sensitivity for excluding DM models. This analysis
loses sensitivity to the models in the o↵-shell regime, where cross sections are suppressed due to the
virtual production of the mediator. Perturbative unitarity is violated in the parameter region defined by
m� >

p
⇡/2 mZA [92]. The masses corresponding to the relic density [93] as determined by the Planck

and WMAP satellites [9, 10], within the WIMP dark-matter model and in the absence of any interaction
other than the one considered, are indicated in the Figure as a line that crosses the excluded region at
mZA ⇠ 1200GeV and m� ⇠ 440GeV. The region towards lower WIMP masses or higher mediator masses
corresponds to dark-matter overproduction.
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Figure 5: (a) Axial-vector 95% CL exclusion contours in the mZA –m� parameter plane. The solid (dashed) curve
shows the observed (expected) limit, while the bands indicate the ±1� theory uncertainties in the observed limit and
±1� and ±2� ranges of the expected limit in the absence of a signal. The red curve corresponds to the set of points
for which the expected relic density is consistent with the WMAP measurements (i.e. ⌦h2 = 0.12), as computed
with MadDM [94]. The region on the right of the curve corresponds to higher predicted relic abundance than these
measurements. The region excluded due to perturbativity, defined by m� >

p
⇡/2 mZA , is indicated by the hatched

area. The dotted line indicates the kinematic limit for on-shell production mZA = 2 ⇥ m�. The cyan line indicates
previous results at 13TeV [1] using 3.2 fb�1. (b) A comparison of the inferred limits (black line) to the constraints
from direct detection experiments (purple line) on the spin-dependent WIMP–proton scattering cross section in the
context of the simplified model with axial-vector couplings. Unlike in the mZA –m� parameter plane, the limits are
shown at 90% CL. The results from this analysis, excluding the region to the left of the contour, are compared with
limits from the PICO [95] experiment. The comparison is model-dependent and solely valid in the context of this
model, assuming minimal mediator width and the coupling values gq = 1/4 and g� = 1.

The results are translated into 90% CL exclusion limits on the spin-dependent WIMP–proton scatter-
ing cross section �SD as a function of the WIMP mass, following the prescriptions from Refs. [13, 93].
Among results from di↵erent direct-detection experiments, in Figure 5(b) the exclusion limits obtained in
this analysis are compared to the most stringent limits from the PICO direct-detection experiment [95].
The limit at the maximum value of the WIMP—proton scattering cross section displayed corresponds
to the lowest excluded values mZA = 45GeVand m� = 45GeVof the mediator and dark matter masses
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Figure 1: (a) Diagram for the pair-production of weakly interacting massive particles �, with a mediator ZA with
axial-vector couplings exchanged in the s-channel. (b)(c)(d) Example of diagrams for the pair-production of weakly
interacting massive particles � via a coloured scalar mediator ⌘. (e) A generic diagram for the pair-production of
squarks with the decay mode q̃ ! q + �̃0

1. The presence of a gluon from initial-state radiation resulting in a jet is
indicated for illustration purposes.

of WIMP pairs via u- and t-channel diagrams with direct couplings of dark matter and SM particles or
even s-channel exchange of two mediators, leading to a di↵erent phenomenology. A set of representative
diagrams relevant for a monojet final state are collected in Figures 1(b)–1(d). A model with simplified
assumptions is defined by the following three parameters: m�, a single mediator mass (m⌘), and a flavour-
universal coupling to quarks and WIMPs (gq� ⌘ g). The mediator is also assumed to couple only to the
first two generations of quarks, with minimal decay widths of the form:

�(⌘)min =
g2

16⇡m3
⌘

⇣
m2
⌘ � m2

q � m2
�

⌘ r✓
m2
⌘ �
⇣
mq + m�

⌘2◆ ✓
m2
⌘ �
⇣
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,

where, to ensure that the DM particle is stable and the mediator width is always defined, m2
� + m2

q < m2
⌘

and 4m2
�/m2

⌘ <
⇣
1 � m2

q/m2
⌘ + m2

�/m2
⌘

⌘2
are required.
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1 Introduction

Astrophysical observations have provided compelling evidence for the existence of a non-baryonic dark
component of the universe: dark matter (DM) [1, 2]. The currently most accurate, although somewhat
indirect, determination of DM abundance comes from global fits of cosmological parameters to a variety
of observations [3, 4], while the nature of DM remains largely unknown. One of the candidates for a DM
particle is a weakly interacting massive particle (WIMP) [5]. At the Large Hadron Collider (LHC), one
can search for WIMP DM (�) pair production in pp collisions. WIMP DM would not be detected and its
production leads to signatures with missing transverse momentum. Searches for the production of DM in
association with Standard Model (SM) particles have been performed at the LHC [6–12].

Recently proposed simplified benchmark models for DM production assume the existence of a mediator
particle which couples both to the SM and to the dark sector [13–15]. The searches presented in this paper
focus on the case of a fermionic DM particle produced through the exchange of a spin-0 mediator, which
can be either a colour-neutral scalar or pseudoscalar particle (denoted by � or a, respectively) or a colour-
charged scalar mediator (�b). The couplings of the mediator to the SM fermions are severely restricted
by precision flavour measurements. An ansatz which automatically relaxes these constraints is Minimal
Flavour Violation [16]. This assumption implies that the interaction between any new neutral spin-0
state and SM matter is proportional to the fermion masses via Yukawa-type couplings1. It follows that
colour-neutral mediators would be sizeably produced through loop-induced gluon fusion or in association
with heavy-flavour quarks. The characteristic signature used to search for the former process is a high
transverse momentum jet recoiling against missing transverse momentum [7, 11].

This paper focuses on dark matter produced in association with heavy flavour (top and bottom) quarks.
These final states were addressed by the CMS Collaboration in Ref. [17]. For signatures with two top
quarks (tt̄ +�/a), final states where both W bosons decay into hadrons or both W bosons decay into leptons
are considered in this paper. They are referred to as fully hadronic and dileptonic tt̄ decays, respectively.
Searches in final-state events characterised by fully hadronic or dileptonic top-quark pairs have been
carried out targeting supersymmetric partners of the top quarks [18, 19]. Due to the di↵erent kinematics

1Following Ref. [14], couplings to W and Z bosons, as well as explicit dimension-4 �–h or a–h couplings, are set to zero in
this simplified model. In addition, the coupling of the mediator to the dark sector are not taken to be proportional to the mass of
the DM candidates.

directly, leading to a di�erent phenomenology. For completeness, we exam-
ine a model where � is a Standard Model (SM) singlet, a Dirac fermion; the
mediating particle, labeled �, is a charged scalar color triplet and the SM parti-
cle is a quark. Such models have been studied in Refs. [?, ?, ?, ?, ?, ?]. However,
these models have not been studied as extensively as others in this Forum.

Following the example of Ref. [?], the interaction Lagrangian is written as
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Figure 1: Representative Feynman diagram showing the pair production of Dark
Matter particles in association with tt̄ (or bb̄).
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1

(c)

Figure 1: Representative diagrams at the lowest order for spin-0 mediator associated production with top and bottom
quarks: (a) colour-neutral spin-0 mediator associated production with bottom quarks bb̄ +�/a; (b) colour-neutral
spin-0 mediator associated production with top quarks tt̄ +�/a; (c) colour-charged scalar mediator model decaying
into a bottom quark and a DM particle b-FDM.
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•  Search for high pT jet + MET, no leptons
•  Most sensitive to (axial-)vector mediators ➝ 

stringent constraints* on spin-dependent DM 

Z-like
mediator

higgs-like
mediator

•  Search for bb+ET
miss, tt+ET

miss, b+ET
miss

•  Starting to probe (pseudo-)scalar mediators!

1 Introduction

Astrophysical observations have provided compelling evidence for the existence of a non-baryonic dark
component of the universe: dark matter (DM) [1, 2]. The currently most accurate, although somewhat
indirect, determination of DM abundance comes from global fits of cosmological parameters to a variety
of observations [3, 4], while the nature of DM remains largely unknown. One of the candidates for a DM
particle is a weakly interacting massive particle (WIMP) [5]. At the Large Hadron Collider (LHC), one
can search for WIMP DM (�) pair production in pp collisions. WIMP DM would not be detected and its
production leads to signatures with missing transverse momentum. Searches for the production of DM in
association with Standard Model (SM) particles have been performed at the LHC [6–12].

Recently proposed simplified benchmark models for DM production assume the existence of a mediator
particle which couples both to the SM and to the dark sector [13–15]. The searches presented in this paper
focus on the case of a fermionic DM particle produced through the exchange of a spin-0 mediator, which
can be either a colour-neutral scalar or pseudoscalar particle (denoted by � or a, respectively) or a colour-
charged scalar mediator (�b). The couplings of the mediator to the SM fermions are severely restricted
by precision flavour measurements. An ansatz which automatically relaxes these constraints is Minimal
Flavour Violation [16]. This assumption implies that the interaction between any new neutral spin-0
state and SM matter is proportional to the fermion masses via Yukawa-type couplings1. It follows that
colour-neutral mediators would be sizeably produced through loop-induced gluon fusion or in association
with heavy-flavour quarks. The characteristic signature used to search for the former process is a high
transverse momentum jet recoiling against missing transverse momentum [7, 11].

This paper focuses on dark matter produced in association with heavy flavour (top and bottom) quarks.
These final states were addressed by the CMS Collaboration in Ref. [17]. For signatures with two top
quarks (tt̄ +�/a), final states where both W bosons decay into hadrons or both W bosons decay into leptons
are considered in this paper. They are referred to as fully hadronic and dileptonic tt̄ decays, respectively.
Searches in final-state events characterised by fully hadronic or dileptonic top-quark pairs have been
carried out targeting supersymmetric partners of the top quarks [18, 19]. Due to the di↵erent kinematics

1Following Ref. [14], couplings to W and Z bosons, as well as explicit dimension-4 �–h or a–h couplings, are set to zero in
this simplified model. In addition, the coupling of the mediator to the dark sector are not taken to be proportional to the mass of
the DM candidates.
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Figure 1: Representative diagrams at the lowest order for spin-0 mediator associated production with top and bottom
quarks: (a) colour-neutral spin-0 mediator associated production with bottom quarks bb̄ +�/a; (b) colour-neutral
spin-0 mediator associated production with top quarks tt̄ +�/a; (c) colour-charged scalar mediator model decaying
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Summary of Dark Matter Searches

•  Just starting to probe interesting territory for (pseudo-)scalar mediators!
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Scenario 1: GMSB higgsino NLSPs 
hh / hZ ➞ 4b+MET (high-mass search)
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•  Selection
–  MET triggers
–  4 jets (≥3 b-jets) + MET > 200 GeV
–  𝛥𝜙(jet1,2,3,4,MET) > 0.4 ➞ kill QCD
–  Large meff, mT(b,MET) ➞ suppress ttbar

•  Strategy
–  Group jets into 2 Higgs candidates by minimizing        

𝛥Rmax = max[ 𝛥R(h1,) , 𝛥R(h2,) ]Rmax = max[ 𝛥R(h1,) , 𝛥R(h2,) ]
–  Extrapolate background in SRs with                

m(h1),m(h2) ~ mhiggs from from CRs with inverted 
Higgs mass cuts

•  Results
–  Data consistent with background                               

(7 overlapping exclusion SRs + discovery SR)

–  Exclude 𝜇 230-880 GeV for BF( h ➞ h G) = 1
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component; in this scenario the masses of the four lightest such particles would be nearly degenerate [20–58

22]. Production of these models is dominated by the �̃0
1 �̃

0
2, �̃0

1 �̃
±
1 , �̃0

2 �̃
±
1 , and �̃+1 �̃

�
1 processes; in59

these scenarios, the heavier chargino and neutralinos can cascade decay to the lightest neutralino ( �̃0
1) via60

o�-shell W and Z bosons, which are assumed to decay to immeasurably low momentum particles.61

In SUSY models with low SUSY breaking scales, such as general guage mediation (GGM) [23–25] or62

gauge-mediated symmetry breaking (GMSB) [26, 27], a gravitino (G̃) is generically the LSP, making the63

�̃0
1 the next-to-lightest-supersymmetric (NLSP) particle. While a variety of decay scenarios are possible64

between the various higgsino states and the LSP, the models under study in this analysis assume that the65

heavier higgsinos decay first to the �̃0
1 and then promptly to the LSP. Depending on the specific parameters66

of the theory, the �̃0
1 can decay to the G̃ via a photon, Z boson, or higgs boson [28]. If m�̃0

1
is greater67

than the higgs mass, the �̃0
1 is dominated by the higgsino component, and tan � is small, the dominant68

decay will typically be via higgs bosons, which can in turn decay to pairs of b-quarks which this search69

targets.70

These scenarios are implemented as simplified models [29–31] as shown in Figure 1. The primary free71

parameter of the model is the mass of the degenerate higgsino states, mH̃ ; the mass of the LSP is set to a72

negligibly small value. Additionally, to study the e�ects of model parameters which a�ect the decay mode73

of the NLSP, the branching ratio of the �̃0
1 decays are varied between 100% hG̃ and 100% ZG̃ decays.74

The cross-section is set to the sum of the four mass-degenerate higgsino pair processes.75

H̃

H̃

h/Z

h/Zp

p

G̃

b

b

G̃

b

b

Figure 1: Diagram for the simplified model considered in the analysis. The primary interpretation of the analysis is
the decay via higgs bosons, but decays via varied branching ratios to Z bosons are also studied. The production of the
H̃ occurs via mass-degenerate chargino/neutralino pairs, which decay to the �̃0

1 via immeasurably low momentum
particles.

3 ATLAS detector76

The ATLAS detector is a multipurpose particle physics detector with a forward-backward symmetric77

cylindrical geometry and nearly 4⇡ coverage in solid angle.3 The inner tracking detector (ID) consists78

3 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector.
The positive x-axis is defined by the direction from the interaction point to the centre of the LHC ring, with the positive y-axis
pointing upwards, while the beam direction defines the z-axis. Cylindrical coordinates (r, �) are used in the transverse plane, �
being the azimuthal angle around the z-axis. The pseudorapidity ⌘ is defined in terms of the polar angle ✓ by ⌘ = � ln tan(✓/2).
Rapidity is defined as y = 0.5 ln[(E + pz )/(E � pz )] where E denotes the energy and pz is the component of the momentum
along the beam direction.
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•  Selection
–  ≥4 b-jets

•  Strategy
–  Group jets into 2 Higgs candidates by minimizing        

–  Extrapolate background from 2b CRs ➞ 4b SRs
•  Novel use of BDT for multi-dimensional reweighting         

(add backup slide)

•  Results
–  Data consistent with background in 56 exclusive 

bins of (MET,meff) + 2 discovery SRs

–  Exclude 𝜇 130-230 GeV for BF( h ➞ h G) = 1~ ~
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and predicted events in each CR are described by Poisson probability density functions. The systematic307

uncertainties in the expected values are included in the fit as nuisance parameters. They are constrained308

by Gaussian distributions with widths corresponding to the sizes of the uncertainties and are treated as309

correlated, when appropriate, between the various regions. The product of the various probability density310

functions forms the likelihood, which the fit maximises by adjusting the tt̄ normalisation and the nuisance311

parameters.312

6.2 Low-mass analysis313

The low-mass analysis targets event topologies with relatively small Emiss
T and where h ! bb̄ can be314

e�ciently reconstructed with two anti-kt R = 0.4 calorimeter-based jets. Events are required to have at315

least four b-tagged jets with |⌘ | < 2.5 and pT > 40 GeV. If more than four jets in the event are b-tagged,316

the four jets with the highest b-tagging score are used.317

There are three possible ways to form two Higgs boson candidates from the four selected jets. It was318

found that the optimal pairing minimizes the distance, Dhh, from the line connecting (0 GeV, 0 GeV) and319

(120 GeV, 110 GeV) in the 2-dimensional plane of the masses of the leading and sub-leading Higgs boson320

candidates, where leading refers to the Higgs boson candidate with the largest scalar sum pT of the jet321

constituents:322

Dhh =
�����m

lead
2j �

120
110

msubl
2j

����� . (1)

This definition is consistent with pairing the jets into two Higgs boson candidates of roughly equal mass.323

The values of 120 GeVand 110 GeVare the median values of the narrowest intervals in mlead
2j and msubl

2j324

that contain 90% of the signal in simulations. The pairing used in the high-mass analysis which combines325

the b-tagged jets with the smallest �R separation into Higgs boson candidates is sub-optimal for the326

low-mass analysis since the Higgs bosons can have small pT and therefore a larger �R separation which327

more frequently results in wrong pairings compared to the Dhh-based pairing.328

After selecting the two Higgs boson candidates, the total background consists of approximately 95%329

multijet and 5% tt̄, while for Emiss
T > 200 GeV, tt̄ events where one of the top quarks decays leptonically330

comprise more than 50% of the background. For leptonic tt̄, one of the Higgs boson candidates is331

predominantly formed from jets from the hadronically decaying top quark, typically a b-jet directly from332

the top quark decay together with a mis-tagged c- or light-jet from the W boson decay, and the other Higgs333

boson candidate from a bb̄ pair from initial state radiation. In order to reduce this background, events are334

rejected if they have at least one electron or muon, or if a top quark candidate decaying hadronically can be335

found in the event. The top quark candidate is formed from three jets of which one must be a constituent336

jet of a Higgs boson candidate and is treated as the b-jet coming from the top decay. The other two jets337

form the W boson from the top decay. At least one of the jets forming the W boson is required not to be a338

constituent jet of a Higgs boson candidate since at least one of the jets from the W -decay must be a light339

jet for which the mis-tag probability is very low. The compatibility with the top quark decay hypothesis340

is then determined using the variable:341

XWt =

s 
mW � 80.4 GeV

0.1mW

!2
+

 
mt � 172.5 GeV

0.1mt

!2
, (2)

where 0.1mW and 0.1mt reflect the mass resolutions of the W boson and top quark candidates. If342

a combination of jets in the event gives XWt < 1.8, there is a high compatibilty with the top quark343
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Extend sensitivity to low-mass higgsinos using b-jet triggers
(extension of ATLAS di-Higgs search*)
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Figure 4: The distribution of mlead
2j versus msubl

2j for (a) the 4-tag data, and (b) the 2-tag data used to model the
background. The region definitions are superimposed.

The normalization and kinematic corrections are determined using the control region adjacent to the signal
region in the 2-dimensional plane of the masses of the leading and sub-leading pT Higgs boson candidates.
The measured value of the normalization factor, µ2-tag, found in the control region is

µ2-tag =
n4-tag

n2-tag
= (6.03 ± 0.03) ⇥ 10�3 (7)

where n2-tag/4-tag denote the number of 2-tag and 4-tag events, respectively, and the quoted uncertainty is
the statistical uncertainty on the event yields in the CR.

In order to correct for the kinematic di�erences between the 2-tag and 4-tag data, the 2-tag events are
reweighted using Boosted Decision Trees (BDT) based on the hep_ml toolkit [75]. This regression
BDT allows the reweighting of events based on multiple variables simultaneously, correctly treating
their correlations, while avoiding the “curse of dimensionality” that a�icts approaches based on multi-
dimensional histograms [76].

At each node of the decision tree, all the input variables to the BDT are tested with requirements that
split the distribution of that variable into two bins. The split that produces the two-bin distribution with
the maximum �2 between the 2-tag and 4-tag distribution is used to split the node into two sub-nodes.
This process identifies the region in phase space where the di�erence between the 2-tag and 4-tag data is
largest and therefore requires the largest correction factor. The splitting repeats for subsequent nodes of
the tree, until a set of stop criteria is reached defined by the hyperparameters. The hyperparameters used
in the BDT along with their values are the following: maximum number of layers (5), minimum number
of events per node (250), maximum number of trees (100), event sampling fraction (0.7) and learning rate
(0.25). The BDT hyperparameters are optimised to provide a robust reweighting procedure with good
statistical precision on the weights by using relatively few layers, which divide the entire space of variables
into only O(30) regions.

After the tree is formed, each leaf will contain a number of events for 2-tag and 4-tag data. The ratio
of these, µleaf =

P
i n4-tag/

P
j n2-tag, is the reweighting correction for the 2-tag events on that leaf. The

reweighting correction is multiplied by the learning rate, 0 < �  1, and then applied to the 2-tag events
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Figure 4: The distribution of mlead
2j versus msubl

2j for (a) the 4-tag data, and (b) the 2-tag data used to model the
background. The region definitions are superimposed.

The normalization and kinematic corrections are determined using the control region adjacent to the signal
region in the 2-dimensional plane of the masses of the leading and sub-leading pT Higgs boson candidates.
The measured value of the normalization factor, µ2-tag, found in the control region is

µ2-tag =
n4-tag

n2-tag
= (6.03 ± 0.03) ⇥ 10�3 (7)

where n2-tag/4-tag denote the number of 2-tag and 4-tag events, respectively, and the quoted uncertainty is
the statistical uncertainty on the event yields in the CR.

In order to correct for the kinematic di�erences between the 2-tag and 4-tag data, the 2-tag events are
reweighted using Boosted Decision Trees (BDT) based on the hep_ml toolkit [75]. This regression
BDT allows the reweighting of events based on multiple variables simultaneously, correctly treating
their correlations, while avoiding the “curse of dimensionality” that a�icts approaches based on multi-
dimensional histograms [76].

At each node of the decision tree, all the input variables to the BDT are tested with requirements that
split the distribution of that variable into two bins. The split that produces the two-bin distribution with
the maximum �2 between the 2-tag and 4-tag distribution is used to split the node into two sub-nodes.
This process identifies the region in phase space where the di�erence between the 2-tag and 4-tag data is
largest and therefore requires the largest correction factor. The splitting repeats for subsequent nodes of
the tree, until a set of stop criteria is reached defined by the hyperparameters. The hyperparameters used
in the BDT along with their values are the following: maximum number of layers (5), minimum number
of events per node (250), maximum number of trees (100), event sampling fraction (0.7) and learning rate
(0.25). The BDT hyperparameters are optimised to provide a robust reweighting procedure with good
statistical precision on the weights by using relatively few layers, which divide the entire space of variables
into only O(30) regions.

After the tree is formed, each leaf will contain a number of events for 2-tag and 4-tag data. The ratio
of these, µleaf =

P
i n4-tag/

P
j n2-tag, is the reweighting correction for the 2-tag events on that leaf. The

reweighting correction is multiplied by the learning rate, 0 < �  1, and then applied to the 2-tag events
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Figure 5: Distribution of Emiss
T in the control region, (a) before and (b) after the BDT reweighting is applied.

as a scaling factor, exp(� log µleaf), before the procedure is repeated with the formation of a new decision
tree (c.f. boosting in standard BDT for discrimination). The final weight for a given 2-tag event is the
product of the weights from each individual tree,

Q
exp(� log µleaf), renormalized to the total number of

4-tag events.

The variables passed to the reweighting BDT are optimised by identifying one at a time the single
most important variable to be added to the set variables until no further improvement in the reweighting is
observed. The resulting set consists of 27 variables, including the pT, ⌘ and the�R separation of the Higgs
boson candidate jets, the pT and separation in ⌘ of each Higgs boson candidate, the di-Higgs invariant
mass, Emiss

T , XWt and information on jet multiplicity and sub-structure. Figure 5 shows the distribution
of Emiss

T in the CR, (a) before and (b) after the reweighting is applied. It is seen that reweighted Emiss
T

spectrum agrees well with the 4-tag data in the control region.

The background estimate in the signal region is obtained by applying the BDT weights derived in the
control region to the 2-tag data in the signal region. The two validation regions are used to estimate the
systematic uncertainties on the background model, as detailed in section 7.

The background estimate is cross-checked in single variable distributions with a reweighting method based
on the same principles, but using 1-dimensional projections of the multi-dimensional variable space to
derive the correction factors. This is done in a fully data-driven model and in a partially data-driven model
where simulation was used to model the contributions from tt̄ and Z (! ⌫⌫) + jets. Good agreement is
found in all cross-checks. Figure 6 shows the background prediction from the BDT and data in the control
region in the unrolled two-dimensional distribution of Emiss

T and me� .

7 Systematic uncertainties

7.1 High-mass analysis

Various sources of systematic uncertainty are evaluated. These uncertainties arise from the extrapolation
of the tt̄ normalization obtained in the CRs to the SRs as well as from the yields of the minor backgrounds
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Figure 15: The limit plots for H̃ production. 15(a) shows the observed (solid black) vs expected (dashed black) 95%
upper limits on H̃ cross-section as a function of mH̃ , where the best expected limit between the high- and low-mass
analyses is selected at each point. The 1 and 2� uncertainty bands are shown as green and yellow respectively. The
theory cross-section is shown in the red curve. The bottom panel shows the ratio of the observed and expected limits
with the theory cross-section. 15(b) shows the observed (solid black) vs expected (dashed black) 95% limits in the
mH̃vs BR(H̃ ! hG̃) plane. The 1� uncertainty band is overlaid in green. Points above the lines are excluded by
the analyses.

10 Conclusions581

A search for pair-produced degenerate higgsinos decaying via Higgs bosons to gravitinos has been582

performed. LHC proton–proton collision data from the full 2015 and 2016 data-taking periods are583

studied by an analysis targeting high-mass signals utilizing Emiss
T triggers, corresponding to an integrated584

luminosity of 36.1 fb�1 collected at
p

s = 13 TeV by the ATLAS detector, 24.3 fb�1 of which is also585

used by an analysis utilizing b-jet triggers targeting low-mass signals. Each analysis used multiple signal586

regions to maximize sensitivity to the signal models under study. The signal regions require several587

high-pT jets, of which at least three must be b-tagged, Emiss
T and exactly zero leptons. For the high-mass588

analysis, the background is dominated by tt̄+jets, which is normalized in dedicated control regions; for the589

low-mass analysis, the background is dominated by multijet production, and is estimated directly from the590

data. No excess is found above the predicted background in any of the signal regions. Model-independent591

limits are set on the visible cross-section for new physics processes. Exclusion limits are set as a function592

of the mass of the higgsino; masses between 130 GeV and 230 GeV and between 290 GeV and 880 GeV593

are excluded at 95% confidence level. The results are also interpreted in a model with variable branching594

ratios of higgsino decays to a Higgs or Z-boson and a gravitino: branching ratios to Higgs boson decays595

as low as 45% are excluded for mH̃a ⇡ 400 GeV.596
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